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ABSTRACT 
 
Jingfeng Xiao 
 
Large-Scale Increases in Vegetation Productivity Inferred from Satellite Data 
(Under the direction of Dr. A. Moody) 
 
 
Terrestrial vegetation plays an important role in the exchanges of carbon, water, and 
energy at the land surface. Changes in vegetation productivity at regional or larger scales 
have important implications for regulating the atmospheric CO2 concentration and 
climate and affecting food production. The characterization of large-scale increases in 
vegetation productivity will lead to a better understanding of the distribution and 
dynamics of carbon sources/sinks and climate change. In this dissertation, I examined the 
increases in vegetation productivity at multiple scales. First, I examined the increases in 
vegetation productivity and their associations with climate variability at the global scale 
over the period 1982 to 1998 using satellite data and ground-based climatology data. 
Temperature, and, in particular spring warming, was the primary climatic factor 
associated with greening in the northern high latitudes, Western Europe, U.S. Pacific 
Northwest, tropical and subtropical Africa, and eastern China. Precipitation was a strong 
correlate of greening in fragmented regions only. Globally, greening trends are a function 
of both climatic and non-climatic factors, such as forest regrowth, CO2 enrichment, 
woody plant proliferation, and trends in agricultural practices. Second, I analyzed the 
responses of vegetation productivity to climate both within and across biomes for the 
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conterminous US using satellite data and climate data. Forested and non-forested biomes 
differed sharply in their response to spatial gradients in temperature and precipitation. 
Precipitation affected the productivity of all biomes, and the influence of precipitation on 
productivity differed across biomes. The effect of seasonal Tmax and Tmin was only 
apparent for forested biomes, which are less likely to be water limited. The seasonality of 
temperature relations, and the relatively greater importance of Tmin for some biomes, 
suggest that the dominant effect of temperature is through its influence on growing-
season length. Third, I looked at the rates of western juniper expansion and the resulting 
C uptake in central Oregon over the period 1975-2000 using satellite data, forest 
inventory data, and field measurements. Western juniper expanded at the rate of 0.15% 
per year over the 25-year period. The results suggest that the expansion of western 
juniper caused C accumulation of 0.27 Mg C ha-1 yr-1 in aboveground woody biomass. 
Total C stock in aboveground woody biomass increased from 0.13 Tg in 1975 to 0.21 Tg 
in 2000. Western juniper expansion may have a significant impact on the regional C 
budget.  
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Chapter 1 
Introduction 
1.1 Introduction 
Atmospheric CO2 concentration has been increasing since the industrial revolution. 
Measurements taken Mauna Loa, Hawaii show that mean annual CO2 concentration 
increased approximately 19% from about 316 ppmv in 1958 to about 377 ppmv in 2004 
(Keeling & Whorf 2005). The dramatic rise of this greenhouse gas in the atmosphere is 
increasingly thought to be a major factor causing global warming.  
The two major sources of CO2 in the atmosphere are the combustion of fossil fuels 
and deforestation (IPCC 2001). The worldwide consumption of fossil fuels (coal, oil, and 
natural gas) released 6.3 ± 0.4 Pg C yr-1 into the atmosphere in the 1990s (IPCC 2001). 
About 10 to 30% of the current total anthropogenic emissions of CO2 are estimated to be 
caused by land-use conversion, particularly deforestation (IPCC 2001). For example, 
Houghton (2000) estimated that the net flux due to land-use change was 1.7 ± 0.8 Pg C yr, 
almost entirely due to deforestation in tropical regions.  
Not all the carbon (C) released by anthropogenic activities is absorbed by the 
atmosphere. The atmosphere only absorbs 3.2 ± 0.1 Pg C yr-1 during the 1990s, while the 
oceans absorb another 1.5-2.2 Pg C yr1 during the 1980s and 1990s (IPCC 2001). The 
residual C sink is estimated at 1.96 ± 1.6 Pg C yr for the 1990s (IPCC 2001), and this 
sink has been attributed to terrestrial ecosystems (Schimel et al. 2001). 
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Terrestrial vegetation plays a major role in the exchanges of C at the land surface 
(Tans et al. 1990, Hoffmann & Jackson 2000, Wu & Lynch 2000). There is general 
agreement that terrestrial ecosystems in the northern hemisphere provide a C sink of 1 to 
2 Pg C yr-1 (Battle et al. 2000, IPCC 2001, Schimel et al. 2001). Changes in vegetation 
productivity, especially at regional or larger scales, affect atmospheric CO2 
concentrations, and produce variability in global C budgets and uncertainty in their 
approximation (Schimel et al. 1996). Regionally, net C uptake has been attributed to 
increases in vegetation activity due to fire suppression (Houghton et al. 2000), forest 
regrowth after agricultural abandonment (Caspersen et al. 2000), CO2 enrichment 
(Hamilton et al. 2002), climate change (Nemani et al. 2002), N deposition (Nadelhoffer et 
al. 1999), forest plantations (Goodale et al. 2002), and woody plant proliferation 
(Houghton et al. 1999, 2000, Pacala et al. 2001). Understanding the modes and drivers of 
changes in terrestrial plant productivity can, therefore, help us to understand and account 
for this source of variability. 
The modes and drivers of increases in terrestrial plant productivity have been 
documented at regional to global scales (e.g., Myneni et al. 1997, Cao & Woodward 1998, 
Zhou et al. 2001). There is growing evidence that vegetation productivity has been 
increasing in the northern middle and high latitudes during the past two decades, 
suggesting that the earth has become greener due to natural factors and anthropogenic 
activities (Fan et al. 1998, Bousquet et al. 1999, Zhou et al. 2001, Goodale et al. 2002). 
This evidence has been obtained from analysis of atmospheric CO2 data (Tans et al. 1990, 
Keeling et al. 1996), forest inventory data (Birdsey et al. 1993, Turner et al. 1995, 
Goodale et al. 2002), studies of land-use change (Houghton et al. 1999, Caspersen et al. 
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2000), ground-based phenological observations (Cayan et al. 2001, Fitter & Fitter 2002), 
analysis of satellite data (Myneni et al. 1997, 2001, Zhou et al. 2001), and simulations 
using biogeochemical models (Cao & Woodward 1998, Hicke et al. 2002, Lucht et al. 
2002). 
The investigation of large-scale increases in vegetation productivity has been largely 
limited to northern high latitudes (e.g., Myneni et al. 1997, Tucker et al. 2001, Zhou et al. 
2001). Temperature is thought to be the leading climatic factor controlling the high-
latitude greening trend. Elevated temperature enhances plant growth by lengthening the 
growing season (Myneni et al. 1997). The geographic distribution and patterns of the 
increases in vegetation productivity at the global scale are not well understood. The 
following three questions remain regarding the distribution and drivers of changes in 
vegetation productivity: (1) What is the geographic distribution of dominant trends in 
vegetation activity globally? (2) What are the primary climatic correlates of these trends 
and patterns? (3) What are the rates of woody plant proliferation and the resulting C 
uptake?  
Among the modes of increases in vegetation productivity, woody plant proliferation 
is unique in that it involves increases in stem density and/or represents a transition from 
one biome type to another, and has important implications for US C budgets. This 
phenomenon has been attributed to fire suppression (Houghton et al. 2000, Tilman et al. 
2000), over-grazing (Archer 1989), climate change (Brown et al. 1997), atmospheric CO2 
enrichment (Polley et al. 2002), nitrogen deposition (Köchy & Wilson 2001), and a 
combination of two or more of these factors (Van Auken 2000). Woody plant 
proliferation includes woody encroachment (Van Auken 2000) and woody thickening 
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(Hicke et al. 2004). Woody encroachment is the process by which woody plants expand 
into grasslands or shrublands (e.g., Archer et al. 2001), whereas woody thickening occurs 
when woody plants increases in stem density (e.g., Covington & Moore 1994). Woody 
plant proliferation has been documented primarily at local scales (Schlesinger et al. 1990, 
Miller & Rose 1995, Brown et al. 1997, Briggs et al. 2002a, b, Asner et al. 2003).  
Woody encroachment and/or woody thickening have significant implications for C 
budgets. About 21-40% of the US C sink has been attributed to woody plant proliferation 
in the non-forested areas in the western US (Houghton et al. 1999, 2000, Pacala et al. 
2001). However, these studies emphasized the large uncertainty in their estimates. 
Neither the rates of change nor the geographical extent of woody plant proliferation has 
been systematically quantified, not to mention the resulting C uptake and the implications 
on regional C budgets (Anser et al. 2003). Regional-scale analysis of the rates, 
geographical extent, and C stocks of woody plant proliferation are needed in order to 
reduce the uncertainty in the estimate of the C sink resulting from woody plant 
proliferation and thus to refine the US C sink (Goodale & Davidson 2002, Asner et al. 
2003).  
In the current study, I characterized increases in vegetation productivity and their 
associations with climate variability at the global scale over the period 1982-1998 using 
satellite data and ground-based climatology data (Chapter 2); examined the responses of 
vegetation productivity to climate within and across biomes for the conterminous US 
using satellite data along with climate data (Chapter 3); and looked at the rates of western 
juniper expansion and the resulting C uptake in aboveground woody biomass in central 
Oregon using satellite data, forest inventory data, and field measurements (Chapter 4). In 
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Chapter 5, I synthesized the previous chapters’ results and discussed my future work in 
this direction. 
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Chapter 2 
Geographic distribution of global greening trends and their 
climatic correlates: 1982-1998 
2.1 Introduction 
The global surface air temperature increased by about 0.5°C between the mid-1970s 
and the late 1990s (Hansen et al. 1999). These changes are geographically stratified. The 
northern middle and high latitudes have warmed most rapidly, by about 0.8°C since the 
early 1970s, while the tropics have warmed only moderately (Hansen et al. 1999). In 
addition, global land precipitation increased by about 2% during the 20th century (Jones 
and Hulme 1996, Hulme et al. 1998). Precipitation changes have also exhibited 
substantial spatial and temporal variability (Karl and Knight 1998, Doherty et al. 1999, 
Mekis and Hogg 1999, Zhai et al. 1999). 
Increases in temperature and moisture may increase vegetation activity by 
lengthening the period of carbon uptake (Nemani et al. 2002), enhancing photosynthesis 
(Keeling et al. 1996, Randerson et al. 1999), and changing nutrient availability by 
accelerating decomposition or mineralization (Melillo et al. 1993). Such processes have 
important implications for carbon sink/source dynamics, changes in the distribution of 
terrestrial biomes, and food production (Tans et al. 1990, Schimel et al. 1996).  
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Several studies have documented greening trends in the northern high latitudes (Zhou 
et al. 2001, Tucker et al. 2001, Bogaert et al. 2002, Slayback et al. 2003) as well as in 
other large geographic regions (e.g., Kawabata et al. 2001, Nemani et al. 2003, Xiao and 
Moody 2004a). However, numerous questions remain regarding the distribution and 
drivers of trends in vegetation greenness. The focus of this paper is on two questions: (1) 
What is the geographic distribution of dominant trends in vegetation activity globally? (2) 
What are the primary climatic correlates of these trends and patterns? To address these 
questions, I used a recently developed satellite-measured vegetation index data set, in 
conjunction with a gridded global climate data set, to examine trends in vegetation 
activity and their associations to climatic drivers in the period 1982-1998. In particular, I 
emphasize the geographical variability in these bioclimatological associations.  
2.2 Background 
The satellite-measured normalized difference vegetation index (NDVI) has been 
widely used to characterize vegetation activity (Asrar et al. 1984, Myneni et al. 1995, 
1997, Zhou et al. 2001, Tucker et al. 2001, Xiao and Moody 2004b). NDVI captures the 
contrast between the visible-red and near-infrared reflectance of vegetation canopies, and 
is indicative of the abundance and activity of leaf chlorophyll pigments (Asrar et al. 1984, 
Myneni et al. 1995). NDVI is closely correlated to the fraction of photosynthetically 
active radiation (fPAR) absorbed by vegetation canopies, and thus can be used as a proxy 
for photosynthetic activity of terrestrial vegetation at a global scale (Asrar et al. 1984, 
Myneni et al. 1995).  
Satellite-based NDVI observations over the past two decades (Zhou et al. 2001, 
Tucker et al. 2001, Bogaert et al. 2002, Slayback et al. 2003), as well as model 
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predictions based on observed climate data (Lucht et al. 2002), have identified a 
vegetation greening trend in the northern high latitudes (40ºN–70ºN), especially in 
Eurasia. The greening trend corresponds to the pronounced warming, particularly during 
winter and spring over Alaska, northern Canada, and northern Eurasia (Hansen et al. 
1999). The greening trend is also consistent with ground-based phenological observations 
(Colombo 1998, Cayan et al. 2001, Fitter and Fitter 2002), as well as reports of increased 
terrestrial carbon stock in woody biomass in these regions (Fan et al. 1998, Myneni et al. 
2001, Schimel et al. 2001). Temperature is thought to be the leading climatic factor 
controlling the high-latitude greening trend, which has been attributed to an early spring 
and a delayed autumn (Zhou et al. 2001, Tucker et al. 2001, Bogaert et al. 2002, Lucht et 
al. 2002). Precipitation has been assumed to play a minor role in increasing vegetation 
activity and has not been fully considered in most studies.  
At the global scale, Kawabata et al. (2001) and Ichii et al. (2002) used the 
NOAA/NASA Pathfinder AVHRR Land (PAL) NDVI dataset (James and Kalluri 1994) 
combined with gridded climate data, to examine correlations between trends in vegetation 
activity and climate for the period 1982-1990.  Even over this short period, their results 
illustrated the strong correlation between northern mid-to-high latitude greening and 
temperature increases. They also identified decreases in greeness in the southern 
hemisphere tropics to mid latitudes. These were correlated with variability in 
precipitation. Nemani et al. (2003) modeled the changes in net primary production (NPP) 
globally from 1982 to 1999 using both climatic and satellite observations, and indicated 
that net primary production increased 6%, and the largest increase was in tropical 
ecosystems. Xiao and Moody (2004a) examined trends in vegetation activity and their 
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climatic correlates in China between 1982 and 1998 using both climatic and satellite data. 
Temperature was the leading climatic factor controlling greening patterns in China, but 
trends in agricultural practices, such as increased use of high-yield crops and application 
of chemical fertilizers, along with land-use changes such as afforestation and 
reforestation probably have made a greater contribution to the greening trend than 
temperature (Xiao and Moody, 2004a).  
Trends in vegetation productivity may indicate changes in terrestrial carbon stock in 
vegetation biomass, and thus have implications for the global carbon cycle (Goulden et al. 
1996, Keeling et al. 1996, Myneni et al. 1997). However, the relative contributions of 
temperature and precipitation to observed greening trends, and in particular their 
geographical distribution, patterns and drivers are not resolved. Zhou et al. (2001), 
Tucker et al. (2001), Lucht et al. (2002), and Ichii et al. (2002) argued that temperature is 
the leading climatic factor in controlling the greening trend in the northern high latitudes. 
In the conterminous U.S., by contrast, Nemani et al. (2002) showed that increases in 
precipitation and humidity are the most important factors enhancing vegetation activity. 
In this paper I present an analysis of greening trends, bioclimatological patterns and 
associations at the global scale. Compared to recent studies by Kawabata et al. (2001) and 
Ichii et al. (2002) I extend the period of analysis from 1982-1990 (9 years) to 1982-1998 
(17 years). This extension is possible due to the recent availability of global, half-degree 
AVHRR NDVI data (Nemani et al. 2003) that has been reprocessed and substantially 
improved over the earlier, shorter-term version of the PAL dataset (James and Kalluri 
1994).  This data set not only allows the evaluation of the longevity and change in the 
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trends reported by Kawabata et al. (2001) and Ichii et al. (2002), but also permits more 
statistically conservative and reliable assessment of these trends and relationships. 
2.3 Data & Methods 
2.3.1 Data 
2.3.1.1 Satellite data 
I analyzed data for the period 1982-1998 for which I had access to both satellite and 
climate data. I used a recently developed Version 3 Pathfinder NDVI data set (Nemani et 
al. 2003) derived from Advanced Very High Resolution Radiometer (AVHRR) on board 
the National Oceanic and Atmospheric Administration’s (NOAA) series of polar-orbiting 
meteorological satellites (NOAA 7, 9, 11, and 14). This NDVI data set is the improved 
version of the NOAA/NASA PAL NDVI data set (James & Kalluri, 1994). The NDVI 
captures the contrast between the visible-red and near-infrared reflectance of vegetation 
canopies. It is defined as   
    NDVI = (NIR – RED) / (NIR + RED)                    (1) 
where NIR and RED are the visible-red (0.58-0.68µm) and near-infrared (0.725-1.1µm) 
reflectance, respectively. The NDVI is scaled between -1 and +1, and typically varies 
from -0.2 to 0.1 for snow, inland water bodies, deserts, and bare soils, and increases from 
about 0.1 to 0.75 for progressively increasing amounts of vegetation (Tucker et al., 1986).  
The Version 3 Pathfinder NDVI data set was produced by the Dr. Ranga Myneni group at 
Department of Geography, Boston University, and referred to by Nemani et al. (2003). In 
the Version 3 Pathfinder NDVI data set, remaining noise associated with residual 
atmospheric effects, orbital drift effects, intersensor variations, and stratospheric aerosol 
effects (Myneni et al. 1998, Kaufmann et al. 2000) was further reduced by a series of 
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corrections, including temporal compositing, spatial compositing, orbital correction, and 
climate correction (Nemani et al. 2003). The Version 3 Pathfinder NDVI data set 
provides a valuable basis to infer the interannual variability in vegetation activity at a 
global scale. This data set is available at two different resolutions, including 16 km and 
0.5 degree. The 0.5-degree NDVI data was used for this global-scale study. 
2.3.1.2 Climate data 
I used a global monthly climatology data set gridded at 0.5-degree resolution (New et 
al. 2000). This global climatology dataset includes seven climate variables: precipitation, 
mean temperature, diurnal temperature range, wet-day frequency, vapor pressure, cloud 
cover, and ground frost frequency. I used two variables, precipitation and mean 
temperature. Both variables were interpolated from station observations (New et al. 2000). 
This data set has higher spatial resolution, longer temporal coverage, and more strict 
temporal fidelity than other global climatology data sets (New et al. 2000).  
2.3.2 Methods 
I produced spatially averaged time series of annual average NDVI, annual mean 
temperature, and annual precipitation for all vegetated pixels within the northern high 
latitudes (40°N-70°N), the northern middle latitudes (23.5°N-40°N), and the tropics 
(23.5°S-23.5°N). These time series were not analyzed for climate zones in the southern 
hemisphere because these zones exhibit no prevalent greening pattern as shown later. 
Previous studies have shown increasing vegetation activity and carbon stock in the 
conterminous U.S. (e.g., Pacala et al. 2001, Nemani et al. 2002) and China (e.g., Goodale 
et al. 2002, Xiao and Moody 2004a). Thus, these time series were also produced both U.S. 
and China. Each time series was standardized by subtracting the mean of the series from 
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the original time series and then dividing by the standard deviation of the series in order 
to constrain the variance of these time series to the same range and therefore make their 
intercomparisons more straightforward. The linear trends of spatially averaged NDVI 
were determined by linearly regressing these variables as a function of time over the 
period from 1982 to 1998 for each geographical region. I then analyzed the correlations 
between NDVI and climate data to assess the associations between vegetation changes 
and climate changes on a regional basis.  
The trends of spatially averaged NDVI may hide the geographical variability of 
NDVI trends over space. I thus analyzed the spatial patterns of NDVI from 1982 to 1998. 
I identified the vegetated pixels with linear trends in NDVI that are statistically 
significant (p < 0.05) over the 17-year period. For these pixels, I then analyzed the 
correlation between annual average NDVI and annual mean temperature and the 
correlation between annual mean NDVI and annual precipitation. These analyses were 
repeated using seasonal mean NDVI, seasonal mean temperature, and seasonal 
precipitation totals. The relative strength of associations between NDVI and climate 
variables were mapped and evaluated for different geographical regions.  
2.4 Results 
2.4.1 Trends of spatially averaged NDVI 
2.4.1.1 Northern high latitudes  
The spatially averaged time series of annual NDVI and annual mean temperature for 
vegetated areas within the northern high latitudes exhibited upward trends that are 
statistically significant at 0.01 and 0.05, respectively (Fig. 2.1 (a), table 2.1). From 1982 
to 1998, annual NDVI averages increased by 13.02%, and annual mean temperature 
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increased by 0.74°C (table 2.1). Annual NDVI averages and annual mean temperature 
were significantly correlated over the 17-year period within this region (p < 0.05) (table 
2.2). There is no significant correlation between NDVI and precipitation. 
2.4.1.2 Northern middle latitudes  
Within the northern middle latitudes, NDVI exhibited an upward trend between 1982 
and 1998 (Fig. 2.1 (b), table 2.1). This corresponds to an overall greening of 6.63% for 
the northern middle latitudes as a whole over the 17-year period.  
Annual mean temperature increased by 0.56°C from 1982 to 1998 (table 2.1). Annual 
NDVI averages are significantly correlated to annual mean temperature (table 2.2). NDVI 
is not significantly related to precipitation.  
Over the conterminous U.S., NDVI increased by 9.14% (Fig. 2.1 (d), table 2.1). The 
spatially averaged time series of annual NDVI was significantly correlated to annual 
mean temperature over this area (table 2.2). There was no significant relationship 
between annual NDVI averages and annual precipitation.  
NDVI increased by 7.99% in China over the study period (Fig. 2.1 (e), table 2.1). 
Annual mean temperature increased by about 0.87°C (table 2.1). The spatially averaged 
time series of annual NDVI was significantly related to that of annual mean temperature 
in China (table 2.2). There was no significant relationship between annual NDVI 
averages and annual precipitation in China.  
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Fig. 2.1 Spatially averaged time series of annual NDVI, annual mean temperature, and 
annual precipitation in vegetated areas within the northern high latitudes (a), the northern 
middle latitudes (b), the tropics (c), the conterminous U.S. (d), and China (e) from 1982 
to 1998. 
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Table 2.1 Trends of spatially averaged NDVI, temperature, and precipitation for different 
geographical regions from 1982 to 1998. All the trends are positive.  
 
 (a) NDVI 
Annual NDVI changes in the 17-year period 
Region 
Absolute Value     R2 p value 
Northern high latitudes 0.043   0.69 0.00003 
Northern middle latitudes  0.028   0.51  0.001 
Tropics 0.020   0.21  0.07 
Conterminous U.S. 0.036   0.71  0.00002 
China 0.030   0.56  0.0006 
 
 
(b) Temperature 
Annual temperature changes in the 17-year period 
Region 
Absolute Value 
       (ºC) 
R2 p value 
Northern high latitudes 0.74 0.24 0.04 
Northern middle latitudes  0.56 0.35 0.01 
Tropics 0.48 0.41 0.006 
Conterminous U.S. 0.63 0.19 0.08 
China 0.87 0.46 0.003 
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 (c) Precipitation 
Annual precipitation changes in the 17-year period 
Region 
Absolute Value 
(mm) 
R2 p value 
Northern high latitudes 14.58 0.12 0.17 
Northern middle latitudes  16.44   0.02     0.59 
Tropics 20.07    0.01     0.65 
Conterminous U.S. 4.95    0.00     0.89 
China 40.51   0.07     0.30 
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Table 2.2 Correlations between spatially averaged NDVI and spatially averaged annual 
mean temperature and correlations between spatially averaged NDVI and spatially 
averaged annual precipitation for different geographical regions from 1982 to 1998. All 
correlations except the correlation between NDVI and precipitation for the conterminous 
U.S. are positive.  
 
NDVI versus temperature NDVI versus precipitation Region 
R2 p value 
 
R2 p value 
Northern high latitudes 0.35 0.012  0.09 0.24 
Northern middle latitudes 0.44 0.004  0.01 0.66 
Tropics 0.14 0.14  0.20 0.07 
Conterminous U.S. 0.29 0.027  0.01 0.77 
China 0.42 0.005  0.09 0.23 
  
 
 
 
 
 
 
 
 
 
 23 
2.4.1.3 Tropical regions  
In the tropics, NDVI showed no significant trend from 1982 to 1998, although both 
annual mean temperature and annual precipitation increased during this period (table 2.1). 
Thus, there is no overall greening trend for the tropics as a whole over the 17-year period. 
2.4.2 Spatial patterns of NDVI trends 
Spatially averaging over large regions conceals the geographical variability of NDVI 
trends. Thus, I evaluated the spatial patterns of NDVI trends and climatic effects for all 
the vegetated pixels at a global scale. Fig. 2.2 shows areas where linear trends in NDVI 
are statistically significant (p < 0.05).  
2.4.2.1 Northern high latitudes  
In the northern high latitudes, 52.99% of the vegetated pixels exhibited significant 
increases in annual NDVI from 1982 to 1998 (Fig. 2.2 (a), table 2.3). The greening trend 
was observed over a broad contiguous swath of land from Alaska and Canada, and 
extending across the Eurasian land mass from Central Europe through Russia and 
northeastern China (Fig. 2.2 (a)).  
The high-latitude greening pattern varied by season (Fig. 2.2 (b)-(e), table 2.3). In 
March-May, 24.61% of the vegetated pixels showed significant increases in NDVI, 
mainly in Alaska, western Europe, and much of Russia. In June-August, 33.67% of the 
vegetated pixels exhibited significant NDVI increases, primarily in northern U.S. and 
central Canada, Central Europe, and Russia. There were 21.96% and 29.73% of the 
vegetated pixels showing significant NDVI increases over September-November and 
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December-February, respectively. The greening trend over September-November and 
December-February was mainly observed in Canada, Europe, and Russia.  
2.4.2.2 Northern middle latitudes  
In the northern middle latitudes, 48.06% of the vegetated pixels showed significant 
increases in annual NDVI (Fig. 2.2 (a), table 2.3). The greening trend was observed 
mainly in the southeastern U.S., northern India, and southeastern China.  
The greening pattern in the northern middle latitudes also varied by season (Fig. 2.2 
(b)-(e), table 2.3). In the conterminous U.S., the greening trends over March-May, June-
August, September-November, and December-February were observed in eastern, central, 
and northwestern U.S., respectively. In China, the percentages of the vegetated pixels that 
showed significant NDVI increases are 48.63% in March-May, 18.00% in June-August, 
20.14% in September-November, and 16.55% in December-February.  
2.4.2.3 Tropical regions  
In the tropics, 32.84% of the vegetated pixels showed significant increases in annual 
NDVI (Fig. 2.2 (a), table 2.3). Spatially contiguous greening patterns were observed in 
tropical Africa, India, the north portion of South America, and Central America. Spatially 
fragmented greening patterns were observed in Southeast Asia.  
In the southern middle and high latitudes, a greening trend was observed in the 
southernmost portion of South America, and southwestern Australia. Noticeably, a 
decreasing NDVI trend was observed in parts of southern Africa, South America (e.g., 
Argentina), and central Australia (Fig. 2.2 (a)-(e)).   
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Fig. 2.2 Linear trends of NDVI that are statistically significant (p < 0.05) from 1982 to 
1998 at both annual and seasonal scales pixel by pixel: (a) trends of annual NDVI 
averages; (b) trends of NDVI averages over spring (March-May); (c) trends of NDVI 
averages over summer (June-August); (d) trends of NDVI averages over autumn 
(September-November); (e) trends of NDVI averages over winter (December-February). 
The colored pixels represent those vegetated pixels with significant NDVI trends; the 
grayed pixels represent non-vegetated areas; the dark-grayed pixels represent those 
vegetated pixels without significant NDVI trends. The trends are given in percentages 
(%).  
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Table 2.3 Percentages of pixels with statistically significant (p < 0.05) linear trends of 
NDVI over all vegetated pixels for different geographical regions. 
 
 
Region Annual March-
May 
June-
August 
September-
November 
December-
February 
Northern high latitudes 52.99 24.61 33.67 21.96 29.73 
Northern middle latitudes 48.06 42.14 24.57 18.62 18.69 
Tropics 32.84 23.48 17.05 12.57 20.13 
Conterminous U.S. 51.67 31.07 27.83 15.45 20.30 
China 53.39 48.63 18.00 20.14 16.55 
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2.4.3 Climatic correlates of NDVI trends 
2.4.3.1 Northern high latitudes 
In the northern high latitudes, 41.60% of the vegetated pixels with greening trends 
(Fig. 2.2 (a)) exhibited significant correlations between annual NDVI and annual mean 
temperature (Fig. 2.3 (a), table 2.4). These pixels are mainly distributed in Alaska, 
Canada, Europe, Russia, and northeastern China (Fig. 2.3 (a)). By contrast, only 6.44% of 
the vegetated pixels with greening trends (Fig. 2.2 (a)) showed significant correlations 
between annual NDVI and annual precipitation (Fig. 2.3 (b), table 2.5). These pixels are 
only observed in sparse areas in the northern high latitudes.   
In the northern high latitudes, positive NDVI-temperature correlations are most 
prevalent over March-May (Fig. 2.3 (c), table 2.4). Positive NDVI-temperature 
correlations over September-November were only observed in Canada and eastern Russia 
(Fig. 2.3 (g)). Negative correlations between NDVI and spring precipitation were 
observed in western Canada and western Europe (Fig. 2.3 (d)).  
2.4.3.2 Northern middle latitudes  
In the northern middle latitudes, the positive correlations between annual NDVI 
averages and annual mean temperature are most prevalent in China (Fig. 2.3 (a), table 
2.4). In contrast, the positive correlations between annual NDVI averages and annual 
precipitation were only observed in sparse areas in China (Fig. 2.3 (b), table 2.5). At the 
seasonal scale, the NDVI-temperature correlation was more prevalent over spring (Fig. 
2.3 (c)) and winter (Fig. 2.3 (i)) than over summer (Fig. 2.3 (e)) and autumn (Fig. 2.3 (g), 
table 2.4).  
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NDVI-temperature and NDVI-precipitation correlations show spatially fragmented 
patterns in the conterminous U.S. (Fig. 2.3, tables 2.4-2.5). Positive NDVI-temperature 
correlations are mainly observed over March-May (Fig. 2.3 (c)) and winter (Fig. 2.3 (i)). 
Positive NDVI-precipitation correlations are most prevalent over September-November 
(Fig. 2.3 (h)).  
Northern Mexico shows negative NDVI-temperature and positive NDVI-precipitation 
correlations (Fig. 2.3). However, no prevalent greening trend was observed in northern 
Mexico (Fig. 2.2). Thus, the effects of temperature and precipitation on vegetation 
activity may be self-canceling in northern Mexico.  
2.4.3.3 Tropical regions  
Positive correlations between annual NDVI averages and annual precipitation were 
observed in tropical Africa, and southern India, although the pattern is spatially 
fragmented (Fig. 2.3, tables 2.4-2.5). In tropical Africa, positive NDVI-precipitation 
correlations were primarily observed in the Sahel region (Fig. 2.3 (b)); positive NDVI-
temperature correlations were observed in southern tropical Africa to the south of the 
Sahel (Fig. 2.3 (a)).    
Decreasing trends of vegetation activity were observed in some regions in South 
America (e.g., Argentina), southern Africa, and Australia from 1982 to 1998 (Fig. 2.2). 
These regions show negative correlations between NDVI and temperature and positive 
correlations between NDVI and precipitation (Fig. 2.3).  
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Fig. 2.3 Correlations between NDVI averages and temperature and correlations between 
NDVI averages and precipitation that are statistically significant (p < 0.05) from 1982 to 
1998: (a) annual NDVI averages versus annual mean temperature; (b) annual NDVI 
averages versus annual precipitation; (c) NDVI averages versus temperature over March-
May; (d) NDVI averages versus precipitation over spring (March-May); (e) NDVI 
averages versus temperature over summer (June-August); (f) NDVI averages versus 
precipitation over summer (June-August); (g) NDVI averages versus temperature over 
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autumn (September-November); (h) NDVI averages versus precipitation over autumn 
(September-November); (i) NDVI averages versus temperature over winter (December-
February); (j) NDVI averages versus precipitation over winter (December-February). The 
colored pixels represent those pixels that have significant NDVI trends as well as 
significant NDVI-climate correlations; the grayed pixels represent non-vegetated areas; 
the dark-grayed pixels represent those vegetated pixels either with significant NDVI 
trends but no significant NDVI-climate correlations or with significant NDVI-climate 
correlations but no significant NDVI trends. The correlation coefficients are given in 
percentages (%).  
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Table 2.4 Percentages of pixels with statistically significant (p < 0.05) correlations 
between NDVI and temperature among vegetated pixels with a significant (p < 0.05) 
linear trends in NDVI for different geographical regions. 
 
 
Region Annual March-
May 
June-
August 
September-
November 
December-
February 
Northern high latitudes 41.60 64.78 33.90 19.42 26.26 
Northern middle latitudes 27.28 20.45 17.70 19.12 24.80 
Tropic regions 31.06 7.94 17.76 21.83 11.68 
Conterminous U.S. 21.57 34.82 16.13 21.10 30.42 
China 54.58 40.02 15.64 26.96 46.99 
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Table 2.5 Percentages of pixels with statistically significant (p < 0.05) correlations 
between NDVI and precipitation among vegetated pixels with significant (p < 0.05) 
linear trends in NDVI for different geographical regions. 
 
 
Region Annual March-
May 
June-
August 
September-
November 
December-
February 
Northern high latitudes 6.44 11.62 6.17 10.47 4.69 
Northern middle latitudes 7.30 4.04 9.29 9.25 3.79 
Tropic regions 14.12 15.67 9.30 15.84 8.48 
Conterminous U.S. 6.37 6.89 10.34 7.09 3.82 
China 8.71 3.65 10.99 3.44 4.40 
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2.5 Discussion 
2.5.1 Northern high latitudes  
Our results showed an overall greening trend from 1982 to 1998 for the northern high 
latitudes. The greening trend was distributed over a broad contiguous swath of land from 
Alaska and western Canada through central Europe to Russia and northeastern China. 
This greening pattern is roughly consistent with patterns reported elsewhere (Zhou et al. 
2001, Tucker et al. 2001, Slayback et al. 2003).  
Our results suggest that, compared with precipitation, temperature is a more 
important climatic correlate of the greening trend in the northern high latitudes and 
Western Europe between 1982 and 1998. In other studies that focused solely on high 
latitude greening trends, Zhou et al. (2001), Tucker et al. (2001), and Lucht et al. (2002) 
also argued that temperature is the leading climatic factor. Precipitation was assumed to 
play a minor role in increasing vegetation activity and was not fully considered by Zhou 
et al. (2001). Lucht et al. (2002) suggested that precipitation contributes only marginally 
to the greening trend. Our results support the assumption of Zhou et al. (2001) and the 
conclusion of Lucht et al. (2002).  
Myneni et al. (1997) and Zhou et al. (2001) attributed the overall high-latitude 
greening trend to an advance of spring budburst and a delay of autumn leaf-fall. Our 
results suggest that, compared with autumn temperature, spring warming makes a greater 
contribution to the high-latitude greening trend than autumn temperature does, especially 
in Alaska.  
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2.5.2 Northern middle latitudes 
Our results suggest that the northern middle latitudes (23.5°N-40°N) also exhibited an 
overall greening trend from 1982 to 1998. The greening trend was mainly observed in 
northeastern and southeastern North America, northern India, and China. The observed 
greening pattern is stronger and more contiguous than that shown by Kawabata et al. 
(2001) over a much shorter period (1982-1990). Our results suggest that the greening 
trend in the northern middle latitudes is partly due to temperature rises, as also suggested 
by Ichii et al. (2002).  
Interestingly, the greening trends in eastern U.S. and much of India were not related 
to changes in either temperature or precipitation. The greening trend in these regions may 
be due to continuing forest regrowth following the abandonment of agricultural lands or 
plantations.  
The greening pattern observed in the conterminous U.S. may suggest increasing 
carbon accumulation in U.S. forests. Nemani et al. (2002) suggested that precipitation is 
the leading climatic factor enhancing the terrestrial carbon sink in the conterminous U.S. 
By contrast, Caspersen et al. (2000) indicated that land-use change is the dominant factor 
controlling the rate of carbon accumulation in U.S. forests, with growth enhancement due 
to climate change, CO2 fertilization, and N deposition only making minor contributions. 
Our results suggest that temperature makes a greater contribution to the increased 
vegetation activity in the conterminous U.S. than precipitation does (tables 2.4-2.5). Our 
results further suggest that climatic factors only explain a fraction of the greening trend in 
the conterminous U.S. Thus, the increased rate of carbon accumulation in U.S. forests 
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may be due to combined effect of forest regrowth and growth enhancement due to 
elevated temperature.  
The greening trend in China is consistent with increasing vegetation activity 
suggested by Xiao and Moody (2004a) based on a satellite-derived LAI dataset and a 
gridded climate dataset. The prevalent greening pattern in China may suggest an 
increasing terrestrial carbon stock in vegetation biomass during the past two decades. 
This is consistent with the reported increase of carbon stock in forest biomass in China 
over this period (Goodale et al. 2002). Temperature makes a greater contribution to the 
increased vegetation activity than precipitation does. Moreover, the overall greening 
trend in China is mainly attributed to the greening in spring. These results suggest that the 
overall greening trend in China, as with the northern high latitudes, is partly brought 
about by earlier budburst due to spring warming.  
However, the greening trend in China cannot be fully explained by elevated 
temperature or other climatic factors. The total forest coverage in China has increased 
from 5.2% in 1950 to 13.9% in 1995 primarily due to tree-planting projects (Liu 1996), 
although natural forest has declined to 30% of the total forest area due to extensive 
cutting of forests (Zhang et al. 1999). Thus, the greening pattern in China may result from 
land-use changes, such as afforestation and reforestation, and tree-growth enhancement 
due to temperature rises, especially in spring. Xiao and Moody (2004a) suggested that 
trends in agricultural practices, such as increased use of high-yield crops and application 
of chemical fertilizers, along with land-use changes such as afforestation and 
reforestation may have made a greater contribution to the greening trend than temperature. 
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2.5.3 Tropics 
No greening trend was observed for the tropics as a whole from 1982 to 1998. This is 
not surprising, since the tropics provide a large carbon source due to extensive clearing of 
natural forests (Houghton et al. 2000). However, a greening trend was observed over 
large parts of the tropics, such as tropical Africa, India, the northern portion of South 
America, southern Mexico, and Indonesia. Nemani et al. (2003) suggested that the largest 
increase in NPP was in tropical ecosystems, Amazon rain forests in particular. They also 
showed increase in NPP in tropical Africa and other tropical areas. The greening pattern 
in tropical Africa shown by our analysis is generally consistent with the increase in NPP 
in this region suggested by Nemani et al. (2003).  
Kawabata et al. (2001) suggested contiguous greening patterns in Southeast Asia for a 
short period (1982-1990). By contrast, our results suggest spatially-fragmented greening 
pattern in these regions from 1982-1998. The patchiness of the greening pattern may be 
associated with deforestation and forest regrowth after fires since forests account for a 
large fraction of the greenness in these regions (Fuller 1994). Ichii et al. (2002) suggested 
that tropical regions with NDVI increases such as central Africa did not exhibit 
significant NDVI-climate correlations, and attributed increased vegetation activity to CO2 
fertilization and N deposition. However, our results suggest positive correlations between 
NDVI and precipitation in the southern edge of Sahel, and positive correlations between 
NDVI and temperature for tropical Africa to the south of the Sahel. Thus, climate 
changes may also contribute to the increases in vegetation activity in tropical Africa.  
The vegetation greening trend in parts of tropical Africa may suggest a regional 
terrestrial carbon sink, although tropical Africa as a whole is a large carbon source 
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primarily due to deforestation (Watson et al. 2000). Greening trends may be attributed to 
the combined effect of increased precipitation and elevated temperature. Precipitation 
may shift vegetation from grasses to shrubs and thus result in a larger fraction of woody 
component in this region (Fuller and Prince 1996). In addition to climatic effects, 
overgrazing by cattle may also shift vegetation from grasses to shrubs in the Sahelian 
region (Kerr 1998). CO2 fertilization (Cao and Woodward 1998, Smith et al. 2000) and N 
deposition (Nadelhoffer et al. 1999) may also contribute to the increased vegetation 
activity in parts of tropical Africa.  
Decreased vegetation activity was observed in some regions in southern South 
America, southern Africa, and Australia from 1982 to 1998. Ichii et al. (2002) suggested 
that NDVI decreases in these regions resulted from decreases in precipitation. However, 
our results suggest that the declined vegetation activity in these arid and semiarid regions 
may be due to combined effect of elevated temperature and decreased precipitation.  
2.6 Conclusions 
The results of this study document the geographic distribution of trends in vegetation 
greenness using a high quality long-term database. In areas that exhibited strongly 
significant trends, the correlation of these trends with changes in temperature and 
precipitation were evaluated. Our results suggest that: 
1) Greening trends exhibit substantial latitudinal and longitudinal variability, with 
the strongest greening taking place in the northern high latitudes, much of the 
tropics, southeastern North America and eastern China.  
2) Over large areas, these greening trends are strongly correlated with trends in 
temperature, especially in Europe, eastern Eurasia, and tropical Africa.  
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3) Precipitation does not appear to be a strong driver of increases in greenness, 
except for isolated and spatially fragmented regions. 
4) Decreases in greenness occurred mainly in the southern hemisphere, in 
southern Africa, southern South America, and central Australia. These trends 
are strongly associated with both increases temperature and decreases in 
precipitation. 
5) Vast regions of the globe, even in the northern high latitudes exhibit no trend in 
greenness.  
6) Large areas that are undergoing strong greening trends show no associations 
with trends in temperature or precipitation.  
    Based on these results I conclude that, while greening trends are strong in many areas, 
these trends are only partially explained by climatic drivers. In large regions, other 
factors, such as CO2 fertilization, reforestation, forest regrowth, woody plant proliferation, 
and trends in agricultural practices may be at play. Precipitation is generally not a 
significant driver of increasing greenness. Southern hemisphere decreases in greenness 
appear to be driven by changes in both temperature and precipitation, reflecting their joint 
control over soil water budgets. 
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2.8 Chapter Synopsis 
2.8.1 Background 
Terrestrial vegetation plays an important role in the exchanges of C, water, and 
energy at the land surface (Hoffmann & Jackson 2000, Wu & Lynch 2000, Schimel et al. 
2001). Changes in vegetation productivity at regional or larger scales have important 
implications for regulating the atmospheric CO2 concentration and climate and affecting 
food production (Tans et al. 1990, Schimel et al. 1996). There is growing evidence that 
vegetation productivity has been increasing in the northern middle and high latitudes 
during the past two decades, suggesting that the earth has become greener due to natural 
factors and anthropogenic activities (Fan et al. 1998, Bousquet et al. 1999, Zhou et al. 
2001, Goodale et al. 2002). This evidence has been obtained from analysis of 
atmospheric CO2 data (Tans et al. 1990, Keeling et al. 1996), forest inventory data 
(Birdsey et al. 1993, Turner et al. 1995, Goodale et al. 2002), studies of land-use change 
(Houghton et al. 1999, Caspersen et al. 2000), ground-based phenological observations 
(Cayan et al. 2001, Fitter & Fitter 2002), analysis of satellite data (Myneni et al. 1997, 
2001, Zhou et al. 2001), and simulations using biogeochemical models (Cao & 
Woodward 1998, Hicke et al. 2002, Lucht et al. 2002). Despite a number of studies on 
changes in vegetation productivity, the geographic distribution and patterns of the 
changes and their climatic correlates at the global scale are not well understood. 
2.8.2 Synopsis 
In Chapter 2, I presented a global-scale analysis of trends in vegetation productivity 
and their associations with climate variability over the period 1982-1998 using a recently 
developed satellite-derived NDVI data set (Nemani et al. 2003) in conjunction with a 
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gridded global climate data set (New et al. 2000). The NDVI was used as a proxy for 
vegetation productivity.  
Vegetation productivity significantly increased in the northern high latitudes, the 
northern middle latitudes, and subtropical Asia. Temperature, and, in particular spring 
warming, was the primary climatic factor associated with greening in the northern high 
latitudes and Western Europe. Temperature trends also explained greening in the U.S. 
Pacific Northwest, tropical and subtropical Africa, and eastern China. Precipitation was a 
strong correlate of greening in fragmented regions only. Decreases in greenness in 
southern South America, southern Africa, and central Australia were strongly correlated 
to both increases in temperature and decreases in precipitation.  
Over vast areas globally, strong positive trends in greenness exhibited no correlation 
with trends in either temperature or precipitation. These areas include the eastern United 
States, much of the African tropics and subtropics, most of the Indian subcontinent, and 
Southeast Asia. Thus, for large areas of land that are undergoing greening, there appears 
to be no climatic correlate. Globally, greening trends are a function of both climatic and 
non-climatic factors, such as forest regrowth, CO2 enrichment, woody plant proliferation, 
and trends in agricultural practices. 
2.8.3 Limitations 
In this study I used NDVI as a proxy for vegetation productivity. The NDVI data 
came from the Version 3 Pathfinder NDVI data set (V3P-NDVI), which is probably the 
best long-term NDVI data set available. This NDVI data set was developed by Dr. Ranga 
B. Myneni’s Climate and Vegetation Group, Boston University, and was referred to by 
Nemani et al. (2003). The V3P-NDVI has been subject to a series of corrections, and thus 
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the noise associated with residual atmospheric effects, orbital drift effects, intersensor 
variations, and stratospheric aerosol effects have been further reduced (Nemani et al. 
2003). However, there is still residual noise remaining in the data, which may lead to 
uncertainties in the magnitudes of NDVI trends. I thus emphasize the statistically 
significant trends of NDVI rather than interpreting the magnitudes of changes in NDVI. 
NDVI is sensitive to soil background reflectance in sparsely vegetated areas (Elvidge 
& Lyon 1985, Huete et al. 1985), and thus tends to exhibit a weak response to variation in 
plant productivity in arid and semiarid regions. NDVI also saturates in response to dense 
leaf canopies, e.g., the humid tropical forests and old growth forests (Myneni et al. 2001). 
Thus, the changes in NDVI may not well reflect small changes in vegetation productivity 
in very low or very high productivity regions.  
The analysis of trends in NDVI could help identify the location of C sinks/sources. 
However, note that NDVI, while a reasonable proxy for photosynthetic activity or NPP of 
green vegetation, is not a good indicator for net ecosystem productivity (NEP). Thus, 
increases in vegetation productivity inferred from NDVI data indicate increases in 
photosynthetic activity or NPP, and do not necessarily indicate increases in NEP or 
increases in C stocks in ecosystems. For example, elevated temperature (Larcher 1983) 
and increased precipitation (Nemani et al. 2002) can increase NPP by lengthening the 
growing season and enhancing photosynthesis. At the same time, however, elevated 
temperatures can accelerate rates of plant and microbial respiration resulting in the 
release of C back into the atmosphere (Billings et al. 1984, Gorham 199, Woodwell & 
Mackenzie 1995, Houghton et al. 1998). Thus, my work does not directly address trends 
in carbon stocks in ecosystems, but only trends in vegetation productivity (GPP or NPP).  
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2.8.4 Future directions 
The future characterization of increases in vegetation productivity at the global scale 
should be approached by combining multiple techniques and data sets including remote 
sensing, biogeochemical models, and a variety of ground-based measurements (e.g., flux 
tower measurements, forest inventory data, and field measurements). 
Biogeochemical models have been widely used to simulate the changes in NPP and 
NEP in response to climate change and CO2 enrichment at regional, continental or global 
scales (e.g., Cao & Woodward 1998, Hicke et al. 2002). However, most biogeochemical 
models are based on fixed parameterization of land use/land cover, and do not 
incorporate changes in land use and land cover in the simulations due to either the 
unavailability of time series of land use/land cover maps and/or the limitations of the 
models.  Biogeochemical models are usually run at decadal scales. Substantial changes in 
land use/land cover may have occurred during the simulation period, including 
afforestation and reforestation, deforestation, selective logging, fire disturbances, and 
shifts of life forms.  
Long-term NDVI data can be used to identify regions with changes in vegetation 
productivity as a starting point. Satellite data such as Landsat, ASTER, and IKONOS can 
be used to identify and monitor changes in land use/land cover. Ecosystems that are 
subject to substantial changes in land use/land cover may be separated from ecosystems 
that are not subject to changes in land use/land cover. For ecosystems without changes in 
land use/land cover, vegetation productivity (GPP, NPP, and NEP) can be simulated 
using biogeochemical models. Forest inventory data, biogeochemical models, and 
bookkeeping models can used to assess the changes in vegetation productivity in regions 
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experiencing deforestation, afforestation and reforestation. Dynamic global vegetation 
models (DGVMs) such as MC1 (Bachelet et al. 2001) and LPJ (Sitch et al. 2003) can be 
used to simulate the impacts of global climate change and fire disturbances on the 
distribution of vegetation and the associated changes in vegetation productivity and 
carbon fluxes.  
The eddy covariance technique has emerged as an effective and popular way to assess 
ecosystem carbon exchange (Running et al. 1999, Baldocchi 2003). NEE measurements 
from the eddy flux tower network, FLUXNET (e.g., Ameriflux), can be used to calibrate 
and validate the estimates of GPP and NEP derived from biogeochemical models. On the 
other hand, biogeochemical models can help scale carbon fluxes measured from flux 
towers to the continental and global scales (Running et al. 1999).  
The characterization of increases in vegetation productivity and the resulting C 
uptake in ecosystems at the global scale needs further collaboration among disciplines 
such as remote sensing, biogeochemistry, ecological modeling, and forestry. 
Multidisciplinary studies on the basis of satellite data, biogeochemical models, and 
ground-based measurements (e.g., LTER, FLUXNET, and forest inventory data) may 
lead to a better understanding of the increases in vegetation productivity and the 
associated changes in carbon fluxes at regional or global scales.  
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Chapter 3 
Photosynthetic activity of U.S. biomes: Responses to precipitation and 
temperature  
3.1 Introduction 
There is strong evidence of directional trends in temperature and precipitation at 
regional and global scales (IPCC 1996; IPCC 2001; Hulme and Viner 1998). Moreover, 
changes in temperature and precipitation dynamics, largely through their control over 
water balance and growing-season length, have been identified as probable drivers of 
change in terrestrial productivity (Woodward 1987; Myneni et al. 1997; Wang et al. 2001; 
Nemani et al. 2002) and in the distribution of vegetation functional types (Neilson 1986; 
Brown et al. 1997; Allen and Breshears 1998). Thus, regional- to global-scale changes in 
climate patterns could have substantial consequences for terrestrial productivity and 
carbon dynamics (IPCC 1996; Jackson et al. 2002; ).  
Spatial variation in productivity, both within and across biomes, derives from 
gradients in moisture, temperature, and energy that occur within, or cross over limits 
defining the suitability range for given biomes. Given that such climatic limits interact 
seasonally, and are often keyed to certain phenological stages, I can expect that the 
seasonality of climate changes will play a significant role in determining ecosystem 
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response (Neilson 1986; White et al. 2000; Nemani et al. 2002) and these responses will 
differ by biome type (VEMAP Members 1995; Kramer et al. 2000). 
Large-scale, empirical studies of vegetation/climate coupling have often concentrated 
on associations between productivity and climate through time, either at specific 
locations, or averaged over regions (e.g. Le Houerou et al. 1988; Goward and Prince 
1995; Los et al. 2001; Myneni et al. 1997; Sala et al. 1988). For example, positive 
associations have been found between year-to-year changes in precipitation and both 
NDVI (Paruelo and Lauenroth 1998; Kawabata et al. 2001) and ANPP (Le Houerou et al. 
1988) in arid and semi-arid ecosystems. 
The seasonality of precipitation, an important determinant of soil-water budgets 
(Dingman 1994) has also been shown to influence productivity through interaction with 
the physiology, physiognomy, or life-history of different vegetation types (Stephenson 
1990; Shinoda 1995; Richard and Poccard 1998; Kramer et al. 2000). For example, 
Epstein et al. (1999) reported that field-measured ANPP is related to the seasonality of 
precipitation for shrublands and grasslands. This finding is consistent with other work 
illustrating the role of the annual course of water-balance in structuring the geographic 
distribution of major vegetation formations (Walter 1971; Neilson et al. 1992; Prentice et 
al. 1992; Paruelo and Lauenroth 1996). 
Studies on NDVI-temperature relationships (Braswell et al. 1997; Yang et al. 1997; 
1998; Potter and Brooks 1998) have emphasized the importance of growing-season 
length in controlling annual productivity. However, there is little large-scale empirical 
work on the differential responses of vegetation activity to maximum temperature, 
minimum temperature, or seasonal maxima and minima for different biomes (Alward et 
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al. 1999).  Potter and Brooks (1998) and Wang et al. (2001) both examined the response 
of NDVI to maximum and minimum temperatures, but restricted their analyses to intra-
annual time scales. Alward et al. (1999) reported that productivity in some grassland 
types is more responsive to elevated minimum temperatures, but did not consider other 
biome types.  
In this study, I used satellite and climate data to assess the degree to which spatial 
gradients in productivity are driven by gradients in long-term average climate 
characteristics, both within and across major biomes (e.g. Lauenroth and Sala 1992; 
Paruelo et al. 1999). Specifically, I examined spatial associations between average annual 
photosynthetic activity and long-term averages of annual and seasonal precipitation, 
temperature minima (Tmin) and temperature maxima (Tmax) within the period 1990 to 
2000 for the conterminous U.S. The normalized difference vegetation index, integrated 
over the growing season (gNDVI) was used as a proxy for annual photosynthetic activity 
due to its consistent availability over broad spatial and temporal scales (Asrar et al. 1984; 
Sellers et al. 1992; Myneni et al. 1997). Our primary goal was to evaluate the relative 
contribution of seasonal climate characteristics in governing spatial gradients in 
productivity within and across biomes. 
3.2 Materials & Methods 
3.2.1 NDVI data 
I acquired AVHRR data for the conterminous U.S. from the USGS EROS Data 
Center. This data set contains biweekly-composited NDVI images at approximately 1 km 
spatial resolution (Eidenshink 1992). The data are georeferenced to the Lambert 
Azimuthal Equal Area map projection. I produced monthly NDVI composites for January 
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1990 to December 2000 by selecting the maximum NDVI value for each successive pair 
of biweekly composites. Monthly maximum value compositing further reduces 
atmospheric and sensor scan angle effects on NDVI (Spanner et al. 1990; Moody and 
Strahler 1994). 
NDVI is based on the contrast between red (R) and near-infrared (NIR) reflectance of 
solar irradiance by vegetation (Holben 1986):  
    NDVI = (NIR – R) / (NIR + R).                    (1) 
The red and near-infrared detectors on the AVHRR sensors record radiance in the 
0.58µm-0.68µm and 0.725µm-1.1µm wavelength regions, respectively. NDVI varies 
theoretically between –1.0 and +1.0 (Holben 1986), and increases from about 0.1 to 0.75 
for progressively increasing amounts of vegetation (Myneni et al. 2001). The NDVI is 
most directly related to the fraction of photosynthetically active radiation (fPAR) 
absorbed by vegetation canopies (Asrar et al. 1984; Choudhury 1987), and hence to 
photosynthetic activity of terrestrial vegetation (Sellers et al. 1992; Myneni et al. 1995). 
Although NDVI only approximates terrestrial vegetation activity, and despite sources of 
variance related to atmospheric conditions, calibration discrepancies, and variability in 
illumination/view geometry (Moody and Strahler 1994) AVHRR data currently provide 
our best empirical device for approximating spatio-temporal variability in terrestrial plant 
productivity at large scales. 
3.2.2 Temperature and precipitation data 
For the period 1990-2000, I obtained monthly precipitation totals and monthly 
averages of mean, minimum, and maximum temperature from the U.S. Historical 
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Climatology Network (USHCN) for 249 meteorological stations distributed throughout 
the conterminous U.S. (Karl et al. 1990) (Fig. 3.1). These data are subject to quality 
control assessment and adjustment procedures described by Karl et al. (1990).  
3.2.3 Land-cover map 
I used the 1-km land-cover map of North America from the USGS-NASA Distributed 
Active Archive Center. This map is derived from 1-km AVHRR data spanning April 
1992 - March 1993 (Loveland et al. 1999). In this study, I adopted the IGBP 
(International Geosphere-Biosphere Programme) land-cover taxonomy, from which 17 
classes are identified within the conterminous U.S. (Loveland et al. 1999). 
3.2.4 Analysis  
The climate data, land-cover data and monthly NDVI composites were all 
georeferenced to the Lambert Azimuthal projection and co-located. Thus, for the single 
pixel containing each climate station, I extracted land-cover type, monthly NDVI, and 
monthly climate data for the 11-year study period. Six IGBP vegetation types were 
represented among the 249 stations (Table 3.1; Fig. 3.1). I used a single AVHRR pixel 
for each station in order to avoid smoothing out the variability  in the NDVI data. Of the 
249 climate stations used, 93% had the same land-cover class as the majority of 
surrounding pixels within a 3 x 3 window. 
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Fig. 3.1 Distribution of the 249 meteorological station locations used in this study, and 
the dominant biome type at each station. 
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Table 3.1 The biome types identified for the 249 meteorological stations and the number 
of stations for each biome. The number of stations for which the class labels from the 
AVHRR and MODIS land-cover maps agreed are given in parentheses. 
 
IGBP  
Class 
 
            Biome type Number  
   of  
Stations 
                        Definition  
           (Belward and Loveland 1996) 
1 Evergreen needleleaf 
forest 
(ENF) 
 
 
50 
(28) 
Canopy cover > 60% & height > 2 m. 
Most of the canopy remains green all 
year. 
4 Deciduous broadleaf 
forest 
(DBF) 
 
 
55 
(32) 
Canopy cover > 60% & height > 2 m. 
Most of the canopy is deciduous. 
5 Mixed forest 
(MF) 
 
 
22 
(6) 
Canopy cover > 60% & height > 2 m. 
Mixed evergreen and deciduous 
canopy.  
7 Open shrubland 
(OSH) 
 
17 
(11) 
Woody vegetation cover between 10% 
and 60%, > 2 m. Evergreen or 
deciduous canopy. 
 
8 Woody savanna  
(WS) 
 
27 
(7) 
Canopy cover between 30% and 60%, 
& height > 2 m. Deciduous or 
evergreen canopy. Herbaceous or 
other understory vegetation. 
 
10 Grassland 
(Gr) 
 
78 
(42) 
Herbaceous cover. Woody cover  
<10%. 
          Total 249 
(126) 
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I calculated the growing season NDVI totals (gNDVI) to approximate the annual 
photosynthetic activity of vegetation at each station (Asrar et al. 1984; Myneni et al. 
1995). I defined the growing season as the period during which monthly NDVI values 
were greater than or equal to 0.1, after Myneni et al. (2001). Annual and seasonal 
precipitation totals, and annual and seasonal averages of mean-monthly Tmax and Tmin 
were calculated from the climate records at each station. All variables were averaged over 
the 11-year study period so that I could examine the relationships between gradients in 
long-term means of gNDVI and climate.  
I used the coefficient of variation (CV) to characterize interannual variability in 
gNDVI and each climate variable at each station. The CV provides a standardized 
temporal variance of a given variable (x) at a particular location (i) relative to the long-
term mean at that location ( ix ):  
%100/ •= ixii xCVx σ                        (2)                                                    
where σxi is the standard deviation of variable x at i. The CV values for each variable 
were used to examine whether temporal variability in gNDVI and temporal variability in 
climate were related across stations. The CV has been used extensively as an index of 
variability for both climatic and ecological data (Le Houerou et al. 1988; Lauenroth and 
Sala 1992; Frank and Inouye 1994) and has been demonstrated to reflect the differential 
capacity of different ecosystems to buffer interannual climatic variations (Paruelo and 
Lauenroth 1998).  
For within-biome analysis, I examined gNDVI-climate associations across all the 
individual stations within each biome, thus treating within-biome observations as 
independent samples. Linear and nonlinear regression models were developed using 
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gNDVI and climate data for the stations within each biome (Fig. 3.1; Table 3.1). For 
across-biome analysis, I averaged the values of gNDVI and climate over all of the 
individual stations for each biome, thus treating each biome as independent from the 
others, and ignoring within-biome variability. I used linear regression and correlation 
analysis to examine relationships between biome-level means of gNDVI and climate 
variables. Given the substantial distances between them, I assumed spatial independence 
of the stations, both within and across biomes.  
3.3 Results  
3.3.1 Within-biome relationships between gNDVI and climate 
3.3.1.1 Long-term means of gNDVI and precipitation  
Within each biome, 11-year mean annual gNDVI was positively associated with 
mean annual precipitation (MAP) (Table 3.2, Fig. 3.2). The strength of this relationship 
varied across biomes. For example, Mixed Forest and Woody Savanna produced much 
stronger r2 values than Deciduous Broadleaf Forest or Grassland (Table 3.2).  
Associations between 11-year means of gNDVI and seasonal precipitation also varied 
by biome, as well as by season (Table 3.2). For all vegetation types except Open 
Shrubland, gNDVI was more strongly related to spring precipitation than to precipitation 
for any other season. This was especially notable for Deciduous Broadleaf Forest, 
Grassland, and Woody Savanna (Fig. 3.3). In general, gNDVI was also associated with 
fall precipitation, except for Deciduous Broadleaf Forest and Mixed Forest, which were 
the only two biomes to exhibit strong associations between gNDVI and winter 
precipitation (Table 3.2). Overall, the weakest seasonal relationships were between 
gNDVI and summer precipitation (Table 3.2). 
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I identified two statistical groupings of Grassland stations (Fig. 3.2f) and reanalyzed 
these subgroups separately (Fig. 3.4a). The association between gNDVI and precipitation 
was much stronger for the less productive subgroup (r2 = 0.53, P < 0.0001) than for the 
more productive subgroup (r2 = 0.20; P < 0.003). In both cases, gNDVI was most closely 
associated with spring precipitation (less productive group: r2 = 0.42, P < 0.0001; more 
productive group: r2 = 0.35, P < 0.0001).  
I compared the geographic distribution of the two subgroups within the Grassland 
class (Fig. 3.4a) with published distributions of grassland functional type (Paruelo and 
Lauenroth 1996; Still et al. 2003) and morpohological and compositional characteristics 
(Ricketts et al. 1999). Based on these comparisons, the less productive subgroup 
appearing in the data (Fig. 3.2f, Fig. 3.4a) exhibited closest spatial correspondence to 
northern and northwestern mixed grasslands, western short grasslands, palouse grasslands, 
and grassland/shrubland transition zones on the Colorado Plateau (Ricketts et al. 1999). 
The more productive subgroup generally corresponded to central and southern mixed 
grasslands, and grasslands transitioning to forest, particularly in the central 
forest/grassland transition zone through Oklahoma, shrub steppe/montane forest 
transitions around the periphery of the Great Basin in Utah and Idaho, and montane 
valley and foothill grasslands in western Montana. 
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Table 3.2 R2 and p-values of relationships between 11-year means of gNDVI and means 
of annual and seasonal precipitation (MAP) within each biome. Cells with R2 ≥ 0.2 and 
significant at p ≤ 0.05 shown in bold. 
 
IGBP Class 
 
MAP Spring Summer 
Fall Winter 
       ENF 0.42 
<0.001 
0.35 
<0.001 
0.16 
0.004 
0.20 
0.001 
0.14 
0.006 
       DBF 0.25 
<0.001 
0.36 
<0.001 
0.00 
>0.10 
0.03 
>0.10 
0.26 
<0.001 
       MF 0.59 
<0.001 
0.59 
<0.001 
0.15 
0.07 
0.14 
0.09 
0.54 
<0.001 
       OSH 0.41 
0.006 
0.28 
0.029 
0.02 
>0.10 
0.36 
0.01 
0.15 
>0.10 
       WS 0.62 
<0.001 
0.65 
<0.001 
0.28 
0.005 
0.57 
<0.001 
0.15 
0.048 
       Gr 0.28 
<0.001 
0.42 
<0.001 
0.11 
0.003 
0.25 
<0.001 
0.10 
0.004 
 
 
 
 
 
 
 67 
                 
                  
 
 
 
 
 
 
 
 68 
 
         
         
 
 
         
 
 
 69 
          
 
 
         
Fig. 3.2 Relationships between 11-year means of gNDVI and annual precipitation for 
each biome: (a) ENF; (b) DBF; (c) MF; (d) OSH; (e) WS; (f) Gr. Horizontal lines in a, c, 
and f, and the vertical line in e represent divisions between subgroups within these 
biomes. These subgroups are mapped in Fig. 3.4. 
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A closer investigation of Mixed Forest also revealed two distinct groups that are 
fundamentally different in their productivity and climatic characteristics. One group, 
characterized by higher gNDVI and higher MAP (Fig. 3.2c) is restricted to the 
Appalachian/Blue Ridge province in the southeastern U.S. (Fig. 3.4b) with a few stations 
on the mid-Atlantic piedmont. The other group is mostly restricted to the northeastern 
hardwood/boreal transition. Taken separately, gNDVI for these two groups was not 
significantly associated with MAP or any seasonal precipitation variables.  
As with Mixed Forest, gNDVI/precipitation relationships for Evergreen Needleleaf 
Forest and Woody Savanna were also driven by two subgroups within their respective 
biomes (Fig. 3.2a, Fig 3.2e). The most productive and wettest Evergreen Needleleaf 
Forest stations were restricted to the U.S. southeast, and the coastal margin of the Pacific 
Northwest. The less productive stations were mostly located in the interior of the Pacific 
Northwest (Fig. 3.2a, Fig. 3.4c). The wetter, more productive Woody Savanna stations 
were distributed through the lower Great Plains and upper Mississippi Valley, and the 
drier, less productive stations were scattered about the U.S. southwest (Fig. 3.2e, Fig. 
3.4d). 
3.3.1.2 Interannual variability in gNDVI and precipitation 
Open Shrubland exhibited a significant (positive) relationship between the CV of 
gNDVI and CV of annual precipitation (r2 = 0.26, p = 0.037) and summer precipitation 
(r2 = 0.56, p = 0.0006). For Grassland, the CV values of gNDVI and fall precipitation 
were also positively correlated (r2 = 0.36, p < 0.0001). 
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Fig. 3.3 Relationships between 11-year means of gNDVI and spring precipitation for 
three biomes: (a) DBF; (b) WS; (c) Gr.  
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Fig. 3.4 Spatial distributions of the within-biome subgroups identified in Fig. 3.2: (a) Gr; 
(b) MF; (c) ENF; (d) WS. In each case, square symbols represent the less productive 
subgroup and cross symbols represent the more productive subgroup seen in Fig. 3.2. 
 
 75 
Table 3.3 R2 and p-values of relationships between 11-year mean annual gNDVI and 
means of annual and seasonal averages of Tmax and Tmin within each biome. For each 
biome, the first row indicates the relationships of gNDVI with Tmax, and the second row 
indicates the relationships of gNDVI with Tmin; in each row, the top and bottom 
numbers are R2 and p-value, respectively. Cells with R2 ≥ 0.2 and significant at p ≤ 0.05 
shown in bold. 
 
IGBP Class 
 
Annual Spring Summer Fall Winter 
0.17 
0.003 
0.29 
<0.001 
0.11 
0.02 
0.29 
<0.001 
0.41 
<0.001 
 
         ENF 
0.41 
<0.001 
0.39 
<0.001 
0.25 
<0.001 
0.41 
<0.001 
0.51 
<0.001 
0.32 
<0.001 
0.33 
<0.001 
0.30 
<0.001 
0.31 
<0.001 
0.33 
<0.001 
 
         DBF 
0.29 
<0.001 
0.32 
<0.001 
0.25 
<0.001 
0.23 
<0.001 
0.31 
<0.001 
0.60 
<0.001 
0.61 
<0.001 
0.26 
0.02 
0.58 
<0.001 
0.73 
<0.001 
 
         MF 
0.63 
<0.001 
0.66 
<0.001 
0.38 
0.002 
0.48 
0.004 
0.74 
<0.001 
0.01 
>0.10  
0.00 
>0.10  
0.03 
>0.10  
0.01 
>0.10  
0.00 
>0.10 
          
         OSH 
0.05 
>0.10  
0.05 
>0.10  
0.08 
>0.10  
0.06 
>0.10  
0.02 
>0.10 
0.23 
0.01 
0.10 
>0.10 
0.046 
>0.10 
0.08 
>0.10 
0.05 
>0.10 
 
         WS 
0.28 
0.004 
0.31 
0.003 
0.34 
0.001 
0.27 
0.005 
0.14 
0.05 
0.04 
0.08 
0.03 
>0.10 
0.04 
0.07 
0.06 
0.05 
0.03 
>0.10 
 
        Gr 
0.07 
0.02 
0.08 
0.013 
0.08 
0.01 
0.07 
0.02 
0.05 
0.06 
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3.3.1.3 Long-term means of gNDVI, Tmin and Tmax 
For the three forest biomes, gNDVI had significant positive associations with all 
long-term averages (annual and seasonal) of both Tmin and Tmax (Table 3.3, Fig 5a-c, 
6a-c).  In comparison, gNDVI for the most arid biomes, Open Shrubland and Grassland, 
was not associated with any temperature variable. Woody Savanna produced weak-to-
moderate associations with Tmin for spring, summer, and fall (Table 3.3). For Evergreen 
Needleleaf Forest, gNDVI was more strongly associated with Tmin than Tmax, and was 
most strongly associated with winter, followed by spring and fall temperatures. As with 
annual precipitation, these results may actually reflect relationships across subgroups 
within Woody Savanna and Evergreen Needleleaf Forest; and most certainly for Mixed 
Forest. 
3.3.1.4 Interannual variability in gNDVI, Tmin and Tmax 
Overall, CV of gNDVI for Mixed Forest and Woody Savanna were more strongly 
associated (positive) with CV of temperature means than other biomes (Table 3.4). These 
associations for Mixed Forest were significant for the CV of annual, winter and spring 
temperature means for both Tmax and Tmin. In contrast, CV of gNDVI for Woody 
Savanna was associated with CV of annual, summer and fall Tmin (and only spring 
Tmax).  
3.3.2 Across-biome relationships between gNDVI and climate 
Mean annual gNDVI was greatest for the three forest biomes (4.61-4.72), 
intermediate for Woody Savanna and Grassland (3.77 and 3.04, respectively) and low for 
Open Shrubland (1.75) (Table 3.5). Likewise mean annual precipitation was high and 
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roughly equal for the forest biomes (1142 to 1269 mm/yr), intermediate for Woody 
Savanna and Grassland (857 and 523mm/yr, respectively), and low for Open Shrubland 
(285 mm/yr). Mean annual gNDVI was, thus, strongly correlated with mean annual 
precipitation across the six biomes (Fig. 3.7a), as well as with mean precipitation for each 
season, especially spring and fall (Fig. 3.7b and d). 
The mean CV of gNDVI was similar across biomes, ranging from roughly 10.0% for 
the forest biomes, to 13.4% for Grassland. The exception was Open Shrubland, with a 
mean CV of 28.04%. Open Shrubland also exhibited substantially higher interannual 
variability in MAP and in precipitation for each season.  
Across biomes, mean CV of gNDVI was significantly associated with mean CV of 
annual and seasonal precipitation totals. However, these relationships were driven by 
Open Shrubland. When this class was removed there were no significant relationships 
between interannual variability of gNDVI and precipitation. 
The three forest biomes had the lowest mean Tmax values for both summer and 
winter, except for Evergreen Needleleaf Forest, which had a high mean winter Tmax due 
to the effect of averaging values from southeast and northwest conifer forests. The three 
non-forest biomes had relatively high Tmax, and Open Shrubland was always the 
highest. Evergreen Needleleaf Forest had the highest mean winter Tmin, followed by 
Open Shrubland and Woody Savanna. The other three biomes had relatively low winter 
Tmin (Table 3.5). 
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Fig. 3.5 Relationships between 11-year means of gNDVI and annual average Tmax for 
four biomes: (a) ENF; (b) DBF; (c) MF; (d) WS. Horizontal and vertical lines within 
plots correspond with Figs. 2 and 4. 
 
 
 
 
 
 
 
 80 
        
         
        
 
 81 
 
        
Fig. 3.6 Relationships between 11-year means of gNDVI and annual average Tmin for 
four biomes: (a) ENF; (b) DBF; (c) MF; (d) WS. Horizontal lines correspond with Figs. 
2, 4, and 5. 
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Across biomes, mean annual gNDVI was negatively correlated with mean summer 
Tmax (Fig. 3.8). Mean annual gNDVI was not related to any other Tmax variable, or to 
mean annual or seasonal Tmin values. The CV values of gNDVI were not significantly 
associated with CV of annual or seasonal means of Tmax or Tmin. A significant 
relationship between mean CV of gNDVI and CV of summer average Tmin (r2 = 0.65, p 
< 0.02) was heavily influenced by Open Shrubland, which exhibited high interannual 
variability in both gNDVI and average summer Tmin. 
3.4 Discussion 
3.4.1 Within-biome relationships between gNDVI and climate 
3.4.1.1 Long-term means of gNDVI and precipitation 
Strong association between gNDVI and MAP observed for all biomes considered 
here are consistent with other studies based on both NDVI (Davenport and Nicholson 
1993; Paruelo and Lauenroth 1995) and ANPP measurements (Sala et al. 1988; Knapp 
and Smith 2001). These findings suggest that geographic reorganization of long-term 
averages in precipitation may influence the spatial distribution of productivity within 
biomes. 
Although summer rainfall can be critical to plant life-cycles in arid regions (Pake and 
Venable 1995, 1996) spatial gradients in late-season rainfall were not responsible for 
geographic patterns of annual productivity within any biome. Precipitation was far more 
important in spring, fall, and winter, periods when evapotranspirative demand is low, and 
ground-water recharge is most efficient (Webb et al. 1978; Neilson et al. 1992; Paruelo 
and Sala 1995). This pattern was especially apparent for spring, when precipitation 
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provides near-surface soil moisture early in the growing season, and also replenishes 
ground water. 
For deeply-rooted vegetation types in particular, ground-water provides a buffer 
against soil-water deficits during the growing season (Webb et al. 1978; Woodward 
1987; Stephenson 1990; Jobaggy and Sala 2000). Our findings reinforce the importance 
of water-balance as a primary determinant of spatial gradients in productivity (e.g. 
Walker and Noy-Meir 1982; Eagleson and Segarra 1985; Neilson 1995) and further 
suggest that these processes are important for both deep- and shallow-rooted vegetation 
types. 
The dominance of spring precipitation in explaining Grassland productivity reflects 
the reliance of shallow-rooted life-forms on water from the upper soil horizons where 
early season soil moisture can sufficiently maintained by precipitation (Walter 1971; 
Jobaggy and Sala 2000). Further, inputs to surface soil water are most critical during 
early life stages of germination and root development, especially for annual grasses and 
herbs common to many grasslands ecosystems (Neilson et al. 1992; Pake and Venable 
1995, 1996). The geographic distributions of the two subgroups within the Grassland 
biome largely reflect changes in grassland productivity along orographic precipitation 
gradients (e.g. Great Basin steppe to montane forests) as well as synoptic-scale 
precipitation gradients (e.g. central forest/grassland transition zone) (Ricketts et al. 1999). 
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Table 3.4 R2 and p-values of relationships between CV of gNDVI and CV of annual and 
seasonal averages of Tmax and Tmin. For each biome, the first row indicates the 
relationships of gNDVI with Tmax, and the second row indicates the relationships of 
gNDVI with Tmin; in each row, the top and bottom numbers are R2 and p-value, 
respectively. Cells that are significant at p ≤ 0.05 shown in bold. 
 
 
IGBP Class Annual Spring Summer Fall Winter 
0.00 
>0.10 
0.04 
>0.10 
0.01 
>0.10 
0.00 
>0.10 
0.05 
>0.10 
 
       ENF 
0.04 
>0.10 
0.02 
>0.10 
0.01 
>0.10 
0.16 
0.004 
0.06 
0.09 
0.05 
>0.10 
0.12 
0.006 
0.04 
>0.10 
0.17 
0.001 
0.15 
0.002 
 
       DBF 
0.10 
0.017 
0.03 
>0.10 
0.03 
>0.10 
0.02 
>0.10 
0.02 
>0.10 
0.20 
0.037 
0.32 
0.007 
0.04 
>0.10 
0.04 
>0.10 
0.43 
0.0009 
 
       MF 
0.49 
0.0003 
0.45 
0.0007 
0.06 
>0.10 
0.17 
0.06 
0.30 
0.008 
0.00 
>0.10 
0.01 
>0.10 
0.04 
>0.10 
0.00 
>0.10 
0.02 
>0.10 
          
       OSH 
0.01 
>0.10 
0.01 
>0.10 
0.00 
>0.10 
0.00 
>0.10 
0.00 
>0.10 
0.01 
>0.10 
0.27 
0.005 
0.09 
>0.10 
0.07 
>0.10 
0.09 
>0.10 
 
       WS 
0.28 
0.004 
0.12 
0.08 
0.34 
0.001 
0.23 
0.01 
0.07 
>0.10 
0.01 
>0.10 
0.00 
>0.10 
0.00 
>0.10 
0.00 
>0.10 
0.04 
>0.10 
 
       Gr 
0.00 
>0.10 
0.02 
>0.10 
0.00 
>0.10 
0.01 
>0.10 
0.00 
>0.10 
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Table 3.5 Biome-level means of gNDVI (unitless), precipitation (mm), Tmax (ºC), and 
Tmin (ºC). Standard deviations are denoted in italics. 
 
 
     ENF     DBF 
 
     MF     OSH      WS      Gr 
      4.67       4.61       4.72       1.75       3.77      3.04 GNDVI 
      0.83       0.36       0.61       0.51       0.50      0.52 
1268.88 1141.78 1143.44   284.98   856.72   522.71 MAP 
  540.35   159.57   332.01     77.42   372.42   248.05 
      6.07       3.89       3.31       6.19       6.14       3.43 Annual Tmin 
      4.74       2.94       3.30       6.03       4.46       4.26 
    19.29     16.35     16.16     22.10     20.36     18.19 Annual Tmax 
      4.70       3.41       4.05       4.89       3.20       4.08 
    13.22     14.47     13.91     15.27     15.96     13.80 Summer Tmin 
      5.39       2.51       2.64       6.13       4.76       4.21 
    28.32     27.52     26.96     32.87     30.89     29.95 Summer Tmax 
      4.16       2.44       2.73       4.14       3.08       3.10 
    -0.28     -6.28     -6.84      -1.87      -3.11     -6.35 Winter Tmin 
     4.77       4.02       5.10       5.85       5.12       5.00 
    10.14       4.63       4.70     11.53       9.47       6.40 Winter Tmax 
      5.58       4.44       5.69       5.39       4.06       5.53 
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Fig. 3.7 Relationships between biome-level means of gNDVI and annual and seasonal 
precipitation across six biomes: (a) annual; (b) spring; (c) summer; (d) fall; (e) winter.  
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Fig. 3.8 Relationship between mean annual gNDVI and mean summer Tmax across six 
biomes.  
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In dry regions, where plants can develop and senesce rapidly in response to moisture 
availability, precipitation-driven pulses in productivity for Grassland may have occurred 
below the temporal resolution of the data used in this study. This could be the case for 
Woody Savanna and Open Shrubland as well, which can include substantial herbaceous 
components. Thus, summer precipitation is possibly more critical to plant productivity 
for these biomes than is suggested by our results. 
The relationship between gNDVI of Woody Savanna and spatial gradients in 
precipitation supports the view of savannas as tree-grass complexes, with lateral and 
vertical competition for limited soil water determining tree cover (Walker and Noy-Meir 
1982; Eagleson and Segarra 1985; Neilson et al. 1992; Pan et al. 2002). Such 
relationships have obvious implications for the productivity and distribution of savannas 
under changing precipitation regimes (Haxeltine et al. 1995; VEMAP Members 1995). 
However, the absence of associations between gNDVI and precipitation within 
geographic subgroups of Woody Savanna implies that overstory productivity is not 
limited by water in this biome type, at least at the regional scale. This suggests that 
factors other than water limitation, such as disturbance (Daly et al. 2000; Van Langevelde 
et al. 2003) are critical for the development and maintenance of certain savanna 
complexes. However, I note that gNDVI (and other remote sensing products) may be 
relatively insensitive to productivity of the shallow rooted, understory vegetation in 
Woody Savanna. 
As with Woody Savanna, similar results for subgroups within Mixed Forest and 
Evergreen Needleleaf Forest also reflect the buffering effect of ground water for deep-
rooted biomes (Neilson et al. 1992; Prentice et al. 1992; Paruelo and Lauenroth 1996). 
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These results reinforce the value of stratifying functional vegetation types by ecoregion, 
climate division or other strata, as an effective means to maintain within-class 
homogeneity for incorporating vegetation heterogeneity in climate models, and modeling 
vegetation response to climate changes (e.g. VEMAP members 1995; Bachelet et al. 
2001). 
3.4.1.2 Interannual variability in gNDVI and precipitation  
Open Shrubland and some grasslands that exist in arid regions are often assumed to 
experience unusually high interannual variability in rainfall totals (Pake and Venable 
1995, 1996; Davidowitz 2002). Our results show that, within these biomes, different 
stations experienced a wide range of interannual variability in precipitation, which was 
positively correlated to variability in gNDVI. Similar findings have been reported 
previously for arid biomes (Le Houerou et al. 1988; Kawabata et al. 2001) and for 
shrubland ecosystems in particular (Paruelo and Lauenroth 1998).  
Variability in productivity for arid biomes was most sensitive to precipitation 
variability in summer and fall, when water is limiting, and when particularly wet periods 
may initiate or amplify productivity of late-season grasses and drought-dormant annuals. 
The potential impact of changes in precipitation variability on the distribution and 
function of arid vegetation types is most likely mediated by life-form. Thus, greater 
interannual variability in summer precipitation should favor more deeply-rooted shrubs 
that are capable of surviving and growing during dry periods. It is conceivable that, in the 
absence of fire or other events that suppress that development of shrublands, increasing 
interannual variability in precipitation may facilitate shrub proliferation in grasslands. 
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3.4.1.3 Long-term means of gNDVI, Tmin and Tmax 
The sensitivity of gNDVI to long-term annual and seasonal averages of Tmax and 
Tmin decreased along a bioclimatic gradient, from forested to arid biomes. The lack of 
association between gNDVI and temperature for Grassland and Open Shrubland, in 
combination with the results discussed above indicates the dominance of water balance 
(Jobaggy and Sala 2000) as the limiting control on productivity in these biomes. For 
forested biomes, strong positive relationships between productivity and temperature 
emphasize the importance of growing-season length in controlling productivity. Our 
results most likely reflect the synchrony between latitudinal gradients in temperature and 
productivity, the strength of which increases with decreasing water limitation. The 
notable sensitivity of Evergreen Needleleaf Forest to winter temperatures, and Tmin in 
particular, may reflect a temperature control on photosynthetic rate, rather than growing 
season length. Our results clearly suggest that long-term temperature changes will 
differentially influence productivity for different biome types (Los et al. 2001) but 
response to the seasonal component of these changes are difficult to ascertain, potentially 
due to the strong multicollinearity between the temperature measures used. 
Global mean surface air temperature has shown a narrowing of the diurnal 
temperature range (Karl et al. 1995; Easterling et al. 1997) with global minimum 
temperatures increasing at about twice the rate of maximum temperatures (IPCC 1996; 
IPCC 2001). However, the relative ecological consequences of changes in Tmin and 
Tmax are largely unexplored over large spatial scales (Alward et al. 1999; Mitchell and 
Csillag 2001). Our results suggest that productivity may respond more strongly to 
changes in Tmin for Evergreen Needleleaf Forest and Woody Savanna. Increases in Tmin 
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may thus contribute to increases in productivity within these biomes, which could 
potentially include increases in stem density. 
3.4.2 Across-biome relationships between gNDVI and climate 
Most of the variance in average gNDVI across biomes is explained by average annual 
or seasonal precipitation. Average gNDVI for Evergreen Needleleaf Forest was high 
given the average amount of summer precipitation (Fig. 3.7c) and summer Tmax (Fig. 
3.8), and low given the amount of winter precipitation (Fig. 3.7e). These residuals 
suggest an especially strong reliance of Evergreen Needleleaf Forest on stored water 
supplies rather than growing-season precipitation, and identify water balance as a 
potentially limiting factor for this biome (Webb et al. 1978; Stephenson 1990). 
The strong relationships between gNDVI and precipitation totals from spring and fall 
further emphasize the importance of rainfall during the beginning and end of the growing 
season in driving differences in productivity across biomes. In combination with the 
negative association between mean annual gNDVI and mean summer Tmax, our results 
reflect an interaction between the seasonality characteristics of precipitation and 
temperature in governing the distributions of biomes, presumably due to their joint 
control over annual soil-water budgets (Stephenson 1990). 
3.4.3 Sources of Uncertainty 
There are several uncertainties related to the data and methods used in this analysis 
that may influence the results presented here. First, NDVI is not as effective an indicator 
of photosynthetic activity for sites with sparse vegetation. Second, despite corrections for 
most known, systematic sources of error (Eidenshink 1992) the satellite data used in this 
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study contain variability in radiometry that is related to instrument, orbital, or 
atmospheric characteristics. Moreover, uncertainties in the geolocation of AVHRR pixels 
can result in mismatches between the locations of climate stations and their enclosing 
pixels. By using a large number of stations, and averaging over a number of years, I have 
attempted to limit the impact of this effect on the results. Finally, the approach used to 
derive the growing season will have overestimated productivity in cases where NDVI 
never drops below 0.1. Such cases are most likely to occur for Evergreen Needleleaf 
Forest or Mixed Forest, and could influence the across biome results by elevating the 
points for these two class types along the y-axis in Fig. 3.7. 
Because there is a large amount of structural and compositional variability within 
biomes, the degree to which pixels are consistently classified using satellite data is 
difficult to determine over large areas. For example, a comparison of the 1993 AVHRR-
based map used in this analysis with the 2000/2001 MODIS-based map that also uses the 
IGBP land-cover taxonomy (Friedl et al. 2000) produces an agreement rate of only 50.1% 
(Table 3.1) (unpublished results). Confusions are particularly common between 
Deciduous Broadleaf Forest and Mixed Forest; and between Open Shrubland and 
Grassland. These disagreements can result from land-cover changes, misclassification in 
one or both maps, or misregistration between them. I reran our analyses using only 
stations for which the two maps agreed. The results changed marginally in magnitude, 
with no changes in sign. However, with loss in degrees of freedom (Table 3.1) some of 
the resulting statistics became insignificant. 
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3.5 Conclusion 
Our results reflect the seasonal climatic control over large-scale spatial gradients in 
plant productivity, both within and across biomes. Correlations between precipitation and 
approximated plant productivity differed across biomes in a manner consistent with their 
expected sensitivity to soil water limitation. For example, productivity of relatively 
shallow-rooted, drought-prone ecosystems, such as Grassland and Open Shrubland, 
varied strongly with gradients in spring precipitation. Conversely, winter precipitation, 
presumably due to a greater contribution to stored water, was more important for deep-
rooted forest biomes, especially Evergreen Needleleaf Forest, which is more typically 
water limited. 
In contrast to water balance, which influenced productivity for all biomes, the effect 
of seasonal Tmax and Tmin was only apparent for forested biomes, which are less likely 
to be water limited. The seasonality of temperature relations, and the relatively greater 
importance of Tmin for some biomes, suggest that the dominant effect of temperature is 
through its influence on growing-season length.  
Historically, the increase in U.S. annual precipitation is due largely to increases 
during fall (September to November) (Groisman and Easterling 1994; IPCC 1996) which 
is related to gNDVI for the more arid biomes considered here. As with spring 
precipitation, late season contributions to soil moisture can extend the growing season for 
water-limited biomes, such as Open Shrubland and Grassland. These sensitivities may 
lead to changes in the density or extent of woody vegetation in arid and semi-arid regions, 
with consequent implications for ecosystem productivity and carbon storage (Brown et al. 
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Our results indicate that the greatest climate-change impacts on biome distributions 
and productivity would result from changes in spring, winter and fall precipitation, and 
changes in fall and spring temperature, especially Tmin, which has historically increased 
at roughly twice the rate of Tmax (IPCC 2000). These effects differ by biome type, and 
also vary within biomes. 
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3.7 Chapter Synopsis 
3.7.1 Background 
Increases in temperature and moisture could increase vegetation activity by 
lengthening the period of carbon uptake (Nemani et al. 2002), enhancing photosynthesis 
(Keeling et al. 1996, Randerson et al. 1999), and changing nutrient availability by 
accelerating decomposition or mineralization (Melillo et al. 1993). Temperature is 
thought to be the leading climatic factor controlling the high-latitude greening trend, and 
precipitation is assumed to play a minor role in increasing vegetation productivity 
(Myneni et al. 1997, Zhou et al. 2001, Tucker et al. 2001, Lucht et al. 2002). By contrast, 
Nemani et al. (2002) showed that increases in precipitation and humidity are the most 
important factors enhancing vegetation activity for the conterminous US. In addition, 
Global minimum temperatures have been increasing at about twice the rate of maximum 
temperatures (IPCC 1996, 2001), but the ecological consequences of the differential 
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increases in maximum and minimum temperatures are largely unexplored (Alward et al. 
1999). 
3.7.2 Synopsis  
I examined the response of vegetation productivity to mean precipitation, maximum 
temperature (Tmax), and minimum temperature (Tmin) over an 11-year period (1990-
2000) for six biomes in the conterminous United States. I focused on within- and across-
biome variance in long-term average vegetation productivity, emphasizing the degree to 
which this variance is explained by spatial gradients in long-term average seasonal 
climate. Since direct measurements of vegetation productivity are unavailable at the 
spatial and temporal scales studied, I used the satellite-based normalized difference 
vegetation index (NDVI) as a proxy for net photosynthetic activity. Annual productivity 
was approximated by NDVI integrated over the growing season (gNDVI).  
Forested and non-forested biomes differed sharply in their response to spatial 
gradients in temperature and precipitation. Gradients in mean spring and fall precipitation 
totals explained much of the variance in mean annual gNDVI within arid biomes. For 
forested biomes, mean annual gNDVI was positively associated with mean annual and 
seasonal Tmin and Tmax. These trends highlight the importance of the seasonal 
components of precipitation and temperature regimes in controlling productivity, and 
reflect the influence of these climatic components on water balance and growing-season 
length. According to the International Panel on Climate Change (IPCC) (2001) increases 
in temperature minima and fall precipitation have contributed the dominant components 
of U.S. increases in temperature and precipitation, respectively.  
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Within the range of conditions observed over the study region, our results suggest that 
these trends have particularly significant consequences for above-ground plant 
productivity, especially for Grassland, Open Shrubland, and Evergreen Needleleaf 
Forest. If historical climatic trends and the biotic responses suggested in this analysis 
continue to hold, I can anticipate further increases in productivity for both forested and 
nonforested ecoregions in the conterminous U.S., with associated implications for carbon 
budgets and woody proliferation. 
3.7.3 Limitations 
I used the biweekly NDVI product (1km) obtained from the USGS EROS Data 
Center (EDC) in this study. This product has been subject to a series of processing, but 
there is still noise in the data set. The residual noise remaining in the NDVI data may lead 
to uncertainties in the analysis.  In addition, the data set that I used was the period from 
1990 to 2000, which is not be ideally long for examining relationships between 
vegetation activity and climate. Now, this AVHRR NDVI data has been extended to 2005.  
NDVI is a good proxy for photosynthetic activity or NPP of green vegetation. 
However, net carbon accumulation by ecosystems is measured by NEP. As mentioned 
earlier, elevated temperature (Larcher 1983) and increased precipitation (Nemani et al. 
2002) can increase NPP by lengthening the growing season and enhancing 
photosynthesis, but elevated temperatures can also accelerate the rates of plant and 
microbial respiration and release more C back into the atmosphere (Billings et al. 1984, 
Gorham 199, Woodwell & Mackenzie 1995, Houghton et al. 1998). Thus, influences of 
temperature or precipitation on NDVI indicate the influences of climate variability on 
vegetation productivity (GPP or NPP), not necessarily on carbon stocks in ecosystems. 
 98 
The analysis of this study was based on individual stations because high-resolution 
gridded climate data at the kilometer scale was not available. When this study was 
conducted, the highest spatial resolution of the gridded climate data sets available was 
0.5˚×0.5˚. Thus, I used climate data obtained from meteorological stations to ensure that 
climate data were as accurate as possible. The spatial analysis of the relationships 
between vegetation productivity and climate variability has been recently made possible 
by the availability of high-resolution gridded climate data (1km or 4km), which will be 
discussed below.  
3.7.4 Future directions  
High-resolution gridded climate data have been available, including Daymet 
(Thornton et al. 1997) and PRISM (Daly et al. 2001). The Daymet data consists of 
gridded temperature, precipitation, humidity, and radiation over the period 1980-1997 at 
a 1km spatial resolution (Thornton et al. 1997). Moreover, century-long gridded climate 
data with 4km spatial resolution (Daly et al. 2001) have been available for the 
conterminous US. The development of this high-quality data set was made possible 
through the  use of PRISM, a climate analysis system that use point climate data, a digital 
elevation model, and other spatial datasets to generate gridded climate data (Daly et al. 
2001).  
The USGS EROS Data Center (EDC) has been producing biweekly NDVI 
composites (greenness information) of the conterminous U.S. and Alaska using AVHRR 
data for over 10 years. I used this product (1990-2000) for this study. In 2001, EDC 
began to produce greenness products with improved atmospheric correction for the 
effects of water vapor, ozone, and Rayleigh scattering. This improved product is 
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available now. The spatial analysis of the relationships between vegetation productivity 
and climate variables is made possible by the recent availability of the improved NDVI 
product and high-resolution gridded climate data (Daymet or PRISM).  
In contrast to satellite-derived NDVI data, field measurements can provide direct 
measurements of NPP or NEP. The long Term Ecological Research (LTER) Network 
established by the National Science Foundation consists of 24 sites located throughout 
the climates and habitats of North America and Antarctica (Hobbie 2003). Annual 
measurements of aboveground NPP are available from at least at 11 LTER sites across 
North America (Knapp & Smith 2001). The analysis of relationships between vegetation 
productivity and climate variability is made possible by the availability of reliable 
measurements of NPP and climate variables (Knapp & Smith 2001).  
In addition, the eddy covariance technique has emerged as an effective and popular 
way to assess ecosystem carbon exchange (Running et al. 1999, Baldocchi 2003). The 
eddy flux tower network, FLUXNET (e.g., AmeriFlux), provides continuous 
observations of ecosystem level exchanges of CO2, water, energy and momentum 
spanning seasonal and interannual time scales. Accurate measurements of NEE, climate 
variables and/or soil moisture are available from FLUXNET. These are valuable data sets 
for examining relationships between vegetation activity and climate variability and 
influences of climate variability on carbon stocks in ecosystems. 
AVHRR on board the NOAA series of polar-orbiting meteorological satellites 
(NOAA 7, 9, 11 and 14) provides observations of terrestrial vegetation with spatially and 
temporally consistent coverage. Satellite observations of vegetation cover the full range 
of vegetation types, climate zones, and disturbance (e.g., harvest, fire, logging, and insect 
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outbreaks) and management regimes in contrast to measurements provided by LTER sites 
and eddy-covariance networks. Satellite data and biogeochemical models can scale 
measurements to regional or larger scales so that the spatial analysis of the relationships 
between vegetation productivity and climate variability can be examined at regional or 
global scales. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 101 
3.8 References 
Allen CD, Breshears DD (1998) Drought-induced shift of a forest-woodland ecotone: 
Rapid landscape response to climate variation. Proceedings of the National Academy 
of Science, 95, 14839-14842. 
Alward RD, Detling JK, Milchunas DG (1999) Grassland vegetation changes and 
nocturnal global warming. Science, 283, 229-231. 
Asrar G, Fuchs M, Kanemasu ET, Hatfield JL (1984) Estimating absorbed photosynthetic 
radiation and leaf area index from spectral reflectance in wheat. Agronomy Journal, 
76, 300-306. 
Bachelet D, Neilson RP, Lenihan JM, Drapek RJ (2001) Climate change effects on 
vegetation distribution and carbon budget in the United States. Ecosystems, 4, 164-
185. 
 
Baldocchi, D.D., 2003. Assessing the eddy covariance techniques for evaluating carbon 
dioxide exchange rates of ecosystems: past, present, and future. Global Change 
Biology, 9, 479-492.  
 
Billings, W.D., Peterson, K.M., Luken, J.O., & Mortensen, D.A., 1984. Interaction of 
increasing atmosphere carbon-dioxide and soil-nitrogen on the carbon balance of 
Tundra microcosms. Oecologia, 65, 26-29. 
Braswell BH, Schimel DS Linder E Moore III B (1997) The response of global terrestrial 
ecosystems to interannual temperature variability. Science, 278, 870-872. 
Brown JH, Valone TJ, Curtin CG (1997) Reorganization of an arid ecosystem in response 
to recent climate change. Proceedings of the National Academy of Science, 94, 9729-
9733. 
Choudhury BJ (1987) Relationships between vegetation indices, radiation, absorption, 
and net photosynthesis evaluated by a sensitivity analysis. Remote Sensing of 
Environment, 22, 209-233. 
Daly F, Bachelet D, Lenihan JM, Neilson RP, Parton W, Ojima D (2000) Dynamic 
simulation of tree-grass interactions for global change studies. Ecological 
Applications, 10, 449-469. 
 
Daly, C., G.H. Taylor, W. P. Gibson, T.W. Parzybok, G. L. Johnson, P. Pasteris. 2001. 
High-quality spatial climate data sets for the United States and beyond. Transactions 
of the American Society of Agricultural Engineers, 43, 1957-1962. 
Davenport ML, Nicholson SE (1993) On the relation between rainfall and the normalized 
difference vegetation index for diverse vegetation types in East Africa. International 
Journal of Remote Sensing, 14, 2369-2389. 
 102 
Davidowitz G (2002) Does precipitation variability increase from mesic to xeric biomes? 
Global Ecology & Biogeography. 11, 143-154. 
Dingman SL (1994) Physical Hydrology. Prentice Hall, Englewood Cliffs, N.J. 
Eagleson PS, Segarra RI (1985) Water-limited equilibrium of savanna vegetation 
systems. Water Resources Research, 21, 1483-1493. 
Easterling DR, Horton B, Jones PD, et al. (1997) Maximum and minimum temperature 
trends for the globe. Science, 277, 364-367. 
Eidenshink JC (1992) The 1990 conterminous US AVHRR data set. Photogrammetric 
Engineering & Remote Sensing, 58, 809-813. 
Epstein HE, Burke IC, Lauenroth WK (1999) Response of the shortgrass steppe to 
changes in rainfall seasonality. Ecosystems, 2, 139-150.  
Frank DA, Inouye RS (1994) Temporal variation in actual evapotranspiration of 
terrestrial ecosystems – Patterns and ecological implications. Journal of 
Biogeography, 21, 401-411. 
Friedl MA, Muchoney D, McVicar D, Gao F, Hodges J, Strahler A (2000). 
Characterization of North American land cover from NOAA-AVHRR data using the 
EOS-MODIS classification algorithm. Geophysical Research Letters, 27, 977-980. 
Goodale CL, Davidson EA (2002) Uncertain sinks in the shrubs. Nature, 418, 593-594. 
 
Gorham, E., 1991. Northern peatlands - role in the carbon-cycle and probable responses 
to climatic warming. Ecological Applications, 1, 182-195.  
Goward SN, Prince SD (1995) Transient effects of climate on vegetation dynamics: 
satellite observations. Journal of Biogeography, 22, 549-563. 
Groisman PY, Easterling DR (1994) Variability and trends of precipitation and snowfall 
over the United States and Canada. Journal of Climate, 7, 184-205. 
Haxeltine A, Prentice I, Cresswell I (1995) A coupled carbon and water flux model to 
predict vegetation structure. Journal of Vegetation Science, 7, 651-666. 
 
Hobbie, J.E., 2003. Scientific accomplishments of the long term ecological research 
program: an introduction. BioScience, 53, 17-20. 
Holben BN (1986) Characteristics of maximum-value composite images from temporal 
AVHRR data. International Journal of Remote Sensing, 7, 3473-3491. 
 
 103 
Houghton, R.A., Davidson, E.A., & Woodwell, G.M., 1998. Missing sinks, feedbacks, 
and understanding the role of terrestrial ecosystems in the global carbon balance. 
Global Biogeochemical Cycles, 12, 25-34.  
Hulme M, Viner D (1998) A climate change scenario for the tropics, Climatic Change, 
39, 145-176. 
Intergovernmental Panel on Climate Change (1996) Climate Change 1995: The Science 
of Climate Change. Contribution of Working Group I to the Second Assessment 
Report of the IPCC, Cambridge University Press, New York. 
Intergovernmental Panel on Climate Change (2001), Climate Change 2001: The 
Scientific Basis. IPCC Third Assessment Report, Cambridge University Press, New 
York.  
Jackson RB, Banner JL, Jobbagy EG, Pockman WT, Wall DH (2002) Ecosystem carbon 
loss with woody plant invasion of grasslands. Nature, 418, 623-626. 
Jobbagy EG, Sala OE (2000) Controls of grass and shrubs aboveground production in the 
Patagonian steppe. Ecological Applications, 10, 541-549. 
Karl TR, Williams CN, Quinlan FT, Boden TA (1990) United States Historical 
Climatology Network (HCN) Serial Temperature and Precipitation Data, 
Environmental Science Division, Publication No. 3404, Carbon Dioxide Information 
and Analysis Center, Oak Ridge National Laboratory, Oak Ridge, TN, 389 pp. 
Karl TR, Knight RW, Plummer N (1995) Trends in high-frequency climate variability in 
the twentieth century. Nature, 377, 217-220.  
Kawabata A, Ichii K, Yamaguchi Y (2001) Global monitoring of interannual changes in 
vegetation activities using NDVI and its relationships to temperature and 
precipitation. International Journal of Remote Sensing, 22, 1377-1382. 
 
Keeling, C.D., Chin, J.F.S., & Whorf, T.P., 1996. Increased activity of northern 
vegetation inferred from atmospheric CO2 measurements. Nature, 382, 146-149. 
Knapp AK, Smith MD (2001) Variation among biomes in temporal dynamics of 
aboveground primary production. Science, 291, 481-484. 
Kramer K, Leinonen I, Loustau D (2000) The importance of phenology for the evaluation 
of impact of climate change on growth of boreal, temperate, and Mediterranean forest 
ecosystems: An overview. International Journal of Biometeorology, 44, 67-75. 
Larcher, W., Physiological and Plant Ecology. 2nd ed., Springer-Verlag, New York, 1983. 
Lauenroth WK, Sala OE (1992) Long-term forage production of North American 
shortgrass steppe. Ecological Applications, 2, 397-403. 
 104 
Le Houerou HN, Bingham RL, Skerbek W (1988) Relationship between the variability of 
production and the variability of annual precipitation in world arid lands. Journal of 
Arid Environments, 15, 1-18. 
Los SE, Collatz GJ, Bounoua L, Sellers PJ, Tucker CJ (2001) Global interannual 
variations in sea-surface temperature and land surface vegetation, air temperature, and 
precipitation. Journal of Climate, 14, 1535-1549. 
Loveland TR, Zhu Z, Ohlen DO, Brown JF, Reed BC, Yang L (1999) An Analysis of the 
IGBP Global Land-Cover Characterization Process. Photogrammetric Engineering 
and Remote Sensing, 65, 1021-1032. 
 
Lucht, W., Prentice, I.C., Myneni, R.B., Sitch, S., Friedlingstein, P. et al., 2002, Climatic 
control of the high-latitude vegetation greening trend and Pinatubo effect. Science, 
296, 1687-1689. 
 
Melillo, J.M., McGuire, A.D., Kicklighter, D.W., Moore, B., Vorosmarty, C.J., & 
Schloss, A.L., 1993. Global climate change and terrestrial net primary production. 
Nature, 363, 234-240. 
Mitchell SW, Csillag F (2001) Assessing the stability and uncertainty of predicted 
vegetation growth under climatic variability: northern mixed grass prairie. Ecological 
Modelling, 139, 101-121.  
Moody A, Strahler AH (1994) Characteristics of composited AVHRR data and problems 
in their classification. International Journal of Remote Sensing, 15, 3473-3491. 
Myneni RB, Hall FG, Sellers PJ, Marshak AL (1995) The interpretation of spectral 
vegetation indexes. IEEE Transactions on Geoscience and Remote Sensing, 33, 481-
486. 
Myneni RB, Keeling CD, Tucker CJ, Asrar G, Nemani RR (1997) Increased plant growth 
in the northern high latitudes from 1981-1991. Nature, 386, 698-702. 
Myneni RB, Dong J, Tucker CJ, et al. (2001) A large carbon sink in the woody biomass 
of northern forests. Proceedings of the National Academy of Sciences of the United 
States of America, 98, 14784-14789. 
Neilson RB (1986) High resolution climatic analysis and southwest biogeography. 
Science, 232, 27-34. 
Neilson RB, King GA, Koerper G (1992) Toward a rule-based biome model. Landscape 
Ecology, 7, 27-43. 
Neilson, RB (1995) A model for predicting continental-scale vegetation distribution and 
water balance. Ecological Applications, 5, 363-385. 
 105 
Nemani R, White M, Thornton P, Nishida K, Reddy S, Jenkins J, Running S (2002) 
Recent trends in hydrological balance have enhanced the terrestrial carbon sink in the 
United States. Geophysical Research Letters, 29, 2002GLO14867. 
Pake CE, Venable DL (1995) Is coesxistence of Sonoran desert annuals mediated by 
temporal variability in reproductive success? Ecology, 76, 246-261. 
Pake CE, Venable DL (1996) Seed bands in desert annuals: Implications for persistence 
and coexistence in variable environments. Ecology, 77, 1427-1435. 
Pan Y, McGuire AD, Melillo JM, Kicklighter DW, Sitch S, Prentice IC (2002) A 
biogeochemistry-based dynamic vegetation model and its application along a 
moisture gradient in the continental United States. Journal of Vegetation Science, 13, 
369-382. 
Paruelo JM, Lauenroth WK (1995) Regional patterns of normalized difference vegetation 
index in North American shrublands and grasslands. Ecology, 76, 1888-1898. 
Paruelo JM, Lauenroth WK (1996) Relative abundance of plant functional types in 
grasslands and shrublands of North America. Ecological Applications, 6, 1212-1224. 
Paruelo JM, Lauenroth WK (1998) Interannual variability of NDVI and its relationship to 
climate for North American shrublands and grasslands. Journal of Biogeography, 25, 
721-733. 
Paruelo JM, Lauenroth WK, Burke IC, Sala OE (1999) Grassland precipitation-use 
efficiency varies across a resource gradient. Ecosystems, 2, 64-68. 
Potter CS, Brooks V (1998) Global analysis of empirical relations between annual 
climate and seasonality of NDVI. International Journal of Remote Sensing, 19, 2921-
2948. 
Prentice CI, Cramer W, Harrison SP, Leemans R, Monserud RA, Solomon AM (1992) A 
global biome model based on plant physiology and dominance, soil properties and 
climate. Journal of Biogeography, 19, 117-134. 
Randserson, J.T., Field, C.B., Fung, I.Y., & Tans, P.P., 1999. Increases in early season 
ecosystem uptake explain recent changes in the seasonal cycle of atmospheric CO2 at 
high northern latitudes. Geophysical Research Letters, 26, 2765-2769. 
Richard Y, Poccard I (1998) A statistical study of NDVI sensitivity to seasonal and 
interannual rainfall variations in Southern Africa. International Journal of Remote 
Sensing, 19, 2907-2920. 
Ricketts TH, Dinerstein E, Olson DM, et al. (1999) Terrestrial ecoregions of North 
America: A Conservation Assessment. Island Press, Covelo, CA. 
 
 106 
Running, S.W., Baldocchi, D.D., Turner, D.P., Gower, S.T., Bakwin, P.S. & Hibbard, 
K.A., 1999. A global terrestrial monitoring network integrating tower fluxes, flask 
sampling, ecosystem modeling and EOS satellite data. Remote Sensing of 
Environment, 70, 108-127.  
Sala OE, Parton WJ, Joyce LA, Lauenroth WK (1988) Primary production of the Central 
Grassland region of the United States. Ecology, 69, 40-45. 
Sellers PJ, Berry JA, Collatz GJ, Field CB, Hall FG (1992) Canopy reflectance, 
photosynthesis, and transpiration. III. A reanalysis using improved leaf models and a 
new canopy integration scheme. Remote Sensing of Environment, 42, 187-216. 
Shinoda M (1995) Seasonal phase lag between rainfall and vegetation activity in tropical 
Africa as revealed by NOAA satellite data. International Journal of Climatology, 15, 
639-656. 
Spanner MA, Pierce LL, Running SW, Peterson DL (1990) The seasonality of AVHRR 
data of temperate coniferous forests: relationship with leaf area index. Remote 
Sensing of Environment, 33, 97-112. 
Stephenson NL (1990) Climatic control of vegetation distribution: The role of water 
balance. The American Naturalist, 135, 649-670. 
Still CJ, Berry JA, Collatz GJ, DeFries RS (2003) Global distribution of C3 and C4 
vegetation: Carbon cycle implications. Global Biogeochemical Cycles, 17, 1006, 
doi:10.1029/2001GB001807. 
 
Thornton, P.E., Running, S.W., & White, M.A., 1997. Generating surfaces of daily 
meteorological variables over large regions of complex terrain. Journal of Hydrology, 
190, 214-251.  
 
Tucker, C.J., Slayback, D.A., Pinzon, J.E., Los, S.O., Myneni, R.B., and Taylor, M.G., 
2001, Higher northern latitude normalized difference vegetation index and growing 
season trends from 1982 to 1999. International Journal of Biometeorology, 45, 184-
190. 
Van Langevelde F, Van de Vijver CADM, Kumar L (2003) Effects of fire and herbivory 
on the stability of savanna ecosystems. Ecology, 84, 337-350. 
VEMAP Members (1995) Vegetation/ecosystem modeling and analysis project: 
comparing biogeography and biogeochemistry models in a continental-scale study of 
terrestrial ecosystem responses to climate change and CO2 doubling. Global 
Biogeochemical Cycles, 9, 407-437. 
Walker BH, Noy-Meir I (1982) Aspects of the stability and resilience of savanna 
ecosystems. In: Ecology of Tropical Savannas (eds Huntley BJ, Walker BH), pp. 556-
590. Springer-Verlag, Berlin. 
 107 
Walter H (1971) Natural savannas. Ecology of Tropical and Sub-Tropical Vegetation. 
Oliver and Boyd, Edinburgh. 
Wang J, Price KP, Rich PM (2001) Spatial patterns of NDVI in response to precipitation 
and temperature in the central Great Plains. International Journal of Remote Sensing, 
22, 3827-3844. 
Webb W, Szarek S, Luenroth W, Kinerson R, Smith M (1978) Primary productivity and 
water use in native forest, grassland, and desert ecosystems. Ecology, 59, 1239-1247. 
White, MA, Thornton, PE, Running, SW, Nemani, RR (2000) Parameterization and 
sensitivity analysis of the BIOME-BGC terrestrial ecosystem process model: net 
primary production controls. Earth Interactions, 4, 1-85. 
Woodward FI (1987) Climate and Plant Distribution. Cambridge University Press, 
Cambridge, UK. 
Woodwell, G.M., & Mackenzie, F.T., Biotic Feedbacks in the Global Climatic System, 
416 pp., Oxford Univ. Press, New York, 1995.  
Yang L, Wylie BK, Tieszen LL, Reed BC (1998) An analysis of relationships among 
climate forcing and time-integrated NDVI of grasslands over the U.S. northern and 
central Great Plains. Remote Sensing of Environment, 65, 25-37. 
Yang W, Yang L, Merchant JW (1997) An assessment of AVHRR/NDVI-
ecoclimatological relations in Nebraska, U.S.A. International Journal of Remote 
Sensing, 18, 2161-2180. 
 
Zhou, L., Tucker, C.J., Kaufmann, R.K., Slayback, D., Shabanov, N.V., and Myneni, 
R.B., 2001, Variations in northern vegetation activity inferred from satellite data of 
vegetation index during 1981 to 1999. Journal of Geophysical Research, 106, 20069-
20083. 
 
 
 
 
 
 
 
 
 108 
 
 
Chapter 4 
Expansion of western juniper in central Oregon: rates and carbon 
consequences 
4.1 Introduction 
Arid and semiarid ecosystems characterized by the coexistence of herbaceous and 
woody vegetation cover roughly 45% of the global land surface (Burgess 1995, Bailey 
1998). During the past 150 years, the balance between herbaceous and woody vegetation 
in arid and semiarid regions has shifted to favor trees and shrubs (Archer 1994). These 
regions have experienced woody plant proliferation in areas dominated by herbaceous 
vegetation and/or shrubs (Archer 1989, Van Auken 2000). This phenomenon has been 
attributed to climate change (Brown et al. 1997), atmospheric CO2 enrichment (Polley et 
al. 2002), fire suppression (Houghton et al. 2000, Tilman et al. 2000), overgrazing 
(Archer 1989, Brown & Archer 1999), and nitrogen deposition (Köchy & Wilson 2001). 
Their relative contributions to the expansion of woody plant cover still remain uncertain 
(Van Auken 2000). 
Western juniper woodlands in the Pacific Northwest have been expanding during the 
past century. The expansion of western juniper has been primarily documented at local 
scales (Burkhardt & Tisdale 1969, 1976, Caraher 1978, Eddleman 1987, Miller & 
Wigand 1994, Miller & Rose 1995, Knapp & Soulé 1998, Soulé & Knapp 1999, Soulé et 
 109 
al. 2003). However, little research has examined western juniper expansion at regional 
scales. To date, the rates of change and geographical extent of western juniper expansion 
have not been systematically quantified, and the resulting changes in carbon (C) pools 
have not been quantitatively tracked or assessed at regional scales. Thus, we know little 
about changes in plant C pools that may have occurred in western juniper woodlands due 
to recent changes in climate and land use.  
This study has four objectives: (1) to evaluate the feasibility of using Landsat data to 
examine the expansion of woody plant cover; (2) to estimate the rates of the expansion of 
western juniper in central Oregon; (3) to estimate the changes in C stocks in woody 
biomass caused by the expansion of western juniper; (4) to assess the potential impact of 
the expansion of western juniper on the regional C budget. I sought to quantify local and 
regional changes in woody plant cover and aboveground C pools across 650 km2 of 
western juniper woodland in central Oregon from 1975 to 2000. I began by quantifying 
woody cover in 1975, 1989, and 2000, respectively using Landsat data. Spatially explicit 
changes in woody cover were then computed. Regional changes in aboveground C 
storage over the 25-year period were then estimated using allometric relationships 
between aboveground biomass and woody plant canopy cover. Finally, I assessed the 
potential impact of western juniper expansion on the regional C budget. 
4.2 Background  
The abundance of woody plants has increased substantially in savannas, shrublands, 
and grasslands worldwide during the last 150 years (Van Auken 2000). Woody plant 
proliferation has been attributed to climate change (Brown et al. 1997), atmospheric CO2 
enrichment (Polley et al. 2002), fire suppression (Houghton et al. 2000, Tilman et al. 
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2000), overgrazing (Archer 1989, Brown & Archer 1999), nitrogen deposition (Köchy & 
Wilson 2001), and a combination of two or more of these factors (Van Auken 2000). Fire 
suppression reduces the occurrences of fires that would have killed small trees/shrubs. 
Overgrazing by domestic livestock also reduces fuel load, which decreases the frequency 
of fires. This coupled with a warmer, wetter climate conducive to seedling establishment 
has created favorable conditions for juniper to establish and expand its range (Azuma et 
al. 2005). The relative importance of these mechanisms is still controversial (Van Auken 
2000). 
Woody plant proliferation in grasslands and savannas adversely affects herbaceous 
productivity and livestock handling, and thus has been a concern of land managers 
(Fisher 1950, Rappole et al. 1986). The expansion of woody plant cover can also lead to 
changes in the amount of C stored in plant biomass as well as in soils. A recent U.S. C 
budget reconciled land- and atmosphere-based estimates by incorporating a large sink 
(0.12-0.13 Pg C per year) to account for woody plant proliferation in non-forest areas in 
the western U.S. (Pacala et al. 2001).  
Woody plant proliferation has been documented primarily at local scales in the US 
(Schlesinger et al. 1990, Miller & Rose 1995, Brown et al. 1997, Briggs et al. 2002a, b, 
Asner et al. 2003). Little research has examined the expansion of woody plant cover in 
arid and semiarid regions at regional scales (Asner et al. 2003). Neither the rates of 
change nor the geographical extent of the phenomenon have been systematically 
quantified (Anser et al. 2003), not to mention the resulting C consequences and the 
implications on regional C budgets. About 21%-40% of the US C sink was attributed to 
woody plant proliferation (Houghton et al. 1999, 2000, Pacala et al. 2001). However, 
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these studies emphasized the large uncertainty in their estimates, and regional-scale 
analysis of the rates and geographical extent of woody plant proliferation and the 
resulting C sequestration are needed.  
Western juniper woodlands in Oregon have increased dramatically since the 1930s 
(Azuma et al. 2005). Western juniper (Juniperus occidentalis ssp. occidentalis) is a small 
to medium-statured native tree of the Pacific Northwest region (Karl & Leonard 1996). 
Western juniper is primarily distributed in California and Oregon, extending from Lassen 
County California northward across Oregon to the Columbia River and from just east of 
the Cascade Mountains to the Owyhee Plateau of southeastern Idaho (Eddleman et al. 
1994). Scattered stands are also distributed in southeastern Washington and in 
northwestern Nevada. Juniper cover is generally lower than 50% (Azuma et al. 2005). 
Most juniper woodlands are privately owned. In eastern Oregon, for example, 52% is 
privately owned (Azuma et al. 2005).  
The land area occupied by western juniper is uncertain. Eddleman et al. (1994) 
estimated that western juniper woodlands exist on a minimum of 932,000 hectares in 
Oregon based on several literature sources to produce these estimates. In 1936, Cowlin et 
al. (1942) estimated the area of juniper forest in eastern Oregon to be around 0.17 million 
hectares. In 1999, Gedney et al. (1999) estimated the area of juniper forest to be 0.89 
million hectares using aerial photography. However, Azmua et al. (2005) suggested that 
juniper forest and savanna in Oregon have increased dramatically since the 1930s from 
about 0.61 million hectares to around 2.63 million hectares. 
Western juniper is a native tree that reproduces by seed (Bedell et al. 1993). The 
germination of seeds requires a continuous period below a certain unknown maximum 
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cool or cold temperature. Seedlings establish primarily under big or low sagebrush plants, 
bitterbrush, rabbitbrush, aspen or juniper, and conifers, and this protected micro-
environment appears conducive to germination and establishment of juniper seedlings 
(Bedell et al. 1993). Western juniper appears well adapted to all types of soils, ranging 
from shallow to deep, dry to sub-irrigated, and sandy to clay texture (Driscoll 1964a, 
1964b, Green 1975, Dyksterhuis 1981, Josaitis 1991, Lentz & Simonson 1986, 
Pomerencing et al. 1983, Bedell et al. 1993). The climate that western juniper grows is 
typically semiarid with dry hot summers, cold winters, and precipitation ranges from 250 
to 355 mm (Eddleman et al. 1994). Precipitation comes mostly in November-January and 
May-June, and July-September is particularly dry (Eddleman et al. 1994).  
The best-documented ecological and environmental impacts of western juniper 
expansion include the alterations of herbaceous and woody plant cover (Eddleman 1987, 
Bedell et al. 1993, Knapp & Soulé 1998), phytomass production (Vaitkus & Eddleman 
1991), species richness and abundance (Bedell et al. 1993), and nutrient cycles (Bedell et 
al. 1993). The effects of accelerated soil erosion, increased surface runoff, reduced 
infiltration, and decreased wildlife habitat have also been reported (Bedell et al. 1993), 
but are not supported by experimental evidence (Gifford 1987, Belsky 1996).  
The expansion of western juniper has been attributed to overgrazing by domestic 
livestock, fire suppression, climate change, and CO2 enrichment (Burkhardt & Tisdale 
1976, Eddleman et al. 1994, Knapp & Soulé 1998). The relative contributions of these 
mechanisms remain uncertain. Many studies suggested that the invasion of western 
juniper was directly related to the cessation of fires (Burkhardt & Tisdale 1976). Fire 
occurrences were common in western juniper woodlands before Euro-American 
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settlement (Martin & Johnson 1979, Shinn 1980). These fires were usually caused by 
lighting and Native Americans, and resulted in a landscape characterized by a mosaic of 
scattered woodlands (Karl & Leonard 1996). Fires have been much less frequent during 
the past century due to active fire control, development of roads and other fire barriers, 
and reduced fuel because of heavy grazing and a shift towards decreased precipitation 
(Burkhardt & Tisdale 1976). Eddleman et al. (1994) suggested that the reduction in fuel 
load partly caused by livestock grazing may play a larger role in the reduction in fire 
frequency than did active suppression, whereas Martin (1978) and Martin & Johnson 
(1979) suggested that sagebrush-grass communities will be dominated by western juniper 
in the absence of fire regardless of grazing pressure. Some studies suggested the 
expansion was due to the combination of optimal climatic conditions, reduced fire return 
intervals, and the indirect of livestock through the reduction of fine fuels (Miller & Rose 
1995).  
The expansion of western juniper in the Pacific Northwest during the last century has 
been well documented at local scales (Burkhardt & Tisdale 1969, 1976, Caraher 1978, 
Eddleman 1987, Miller & Wigand 1994, Miller & Rose 1995, Knapp & Soulé 1998, 
Soulé & Knapp 1999, Soulé et al. 2003). For example, Knapp & Soulé (1998) examined 
the expansion of western juniper in the Horse Ridge Research Natural Area using aerial 
photography, and suggested that juniper cover had increased from 14.6% in 1951 to 
34.5% in 1995.  However, these studies are limited to the analysis of rates of western 
juniper expansion and driving factors (e.g., grazing, fire suppression, CO2 enrichment) at 
local scales. Regional changes in western juniper cover and C stocks in woody biomass at 
regional scales have not been quantified.  
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4.3 Study region 
This study was conducted over an area of approximately 650 km2 located in central 
Oregon (Fig. 4.1). The elevation of this region ranges from 1046 to 1783 m. The climate 
of the region is semiarid. Annual precipitation at nearby Bend is winter-dominated and 
averages 303 mm (Williams et al. 2005). Annual average minimum and maximum 
temperatures at Bend are 31.7 ˚C and 59.8 ˚C, respectively (Williams et al. 2005).  
This region is primarily dominated by western juniper woodland, ponderosa pine 
forest and woodland, and big sagebrush shrubland (Kiilsgaard 1999). Fig.1 shows the 
distribution of western juniper across the study region. 
4.4 Data 
4.4.1 Landsat data 
The Landsat data used in this study included a MSS (Multispectral Scanner) image 
acquired in 1975, a TM (Thematic Mapper) image acquired in 1989, and a ETM+ 
(Enhanced Thematic Mapper Plus) image acquired in 2000 (Table 4.1). All the Landsat 
data were acquired from Global Land Cover Facility (http://www.landcover.org). The six 
reflective bands were used for either ETM+ or TM image.  
The Landsat ETM+ image was georeferenced using seventy-three ground controls 
points (GCPs) selected with reference to 1m Digital Orthophoto Quadrangles (DOQs). 
The geometric correction was performed using a first-order transformation with an 
overall root-mean-squared error (RMSE) of less than 0.5 pixel. The Landsat TM and 
MSS images were geometrically corrected with reference to the georeferenced Landsat 
ETM+ image with RMSE of less than 0.5 pixel, respectively.  
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Fig. 4.1 Location of the study region (Millican, Oregon). The shaded area shows the 
distribution of western juniper woodland based on the Oregon Gap Analysis 1998 Land 
Cover for Oregon (Kiilsgaard 1999). 
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          Table 4.1 Landsat data (MSS, TM, and ETM+) used in this study 
 
Sensor Path/Row Acquisition Date Bands Resolution 
ETM+ 45/29 (WRS-2) 09/18/2000 1-5, 7 30m 
TM 45/29 (WRS-2) 09/12/1989 1-5, 7 30m 
MSS 48/29 (WRS-1) 10/01/1975 1-4 57m 
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The digital number (DN) values of the geometrically-corrected ETM+ data were 
converted to at-satellite radiance using the following equation (Markham & Barker, 1987; 
Price, 1987): 
       Lλ = ((LMAXλ - LMINλ) / (QCALMAX-QCALMIN)) × (QCAL-QCALMIN) + LMINλ    (1)                 
where Lλ is at-satellite radiance (W m-2 sr-1 µm-1), QCAL = DN, LMAXλ and LMINλ are 
the spectral radiances that are scaled to QCALMAX and QCALMIN in W m-2 sr-1 µm-1, 
respectively, QCALMAX = 255, and QCALMIN = 1.  
At-satellite radiances were then converted to surface reflectance by correcting for 
both solar and atmospheric effects. The general equation for converting at-satellite 
radiance to surface reflectance (Moran et al., 1992) is:  
           )cos(
)(
0 dzzv
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LL
+
−
=
τθτ
piρ                                                  (2) 
where ρ  is the surface reflectance, Ls is the at-satellite radiance, Ld is the path radiance 
(W m-2 µm-1), E0 is the solar spectral irradiance (W m-2 µm-1), zθ  is solar zenith angle, τv 
is the atmospheric transmittance along the path from the ground surface to the sensor, τz 
is the atmospheric transmittance along the path from the sun to the ground surface, and Ed 
is downward diffuse radiation (W m-2 µm-1). I converted at-satellite radiance values to 
surface reflectance using a dark object subtraction (DOS) approach (Chavez, 1989) which 
assumes no atmospheric transmittance loss and no downward diffuse radiation (Song et al. 
2001). The surface reflectance of the dark object was assumed to be 1%, and thus the 
path radiance was assumed to be the dark-object radiance minus the radiance contributed 
by 1% surface reflectance (Moran et al., 1992, Song et al. 2001). The DN of the dark 
object is often estimated from the ETM+ image using the lower bound of the histogram 
 118 
derived from each band (Moran et al., 1992). The DN value of the dark object here was 
selected as the darkest DN with at least a thousand pixels over the entire scene (Teillet & 
Fedosejevs, 1995, McDonald et al., 1998, Song et al. 2001).    
4.4.2 Aerial photographs 
Aerial photographs were used to develop training and validation data for estimating 
percent woody cover from Landsat data. A DOQ (1m) was obtained from the Oregon 
Geospatial Enterprise Office for 2000. Two color-infrared aerial photographs were 
obtained from the USGS EarthExplorer for the study region for 1973 (1:300,000) and 
1987 (1:30,000). Each color-infrared aerial photograph was georeferenced using GCPs 
selected with reference to the 1m DOQ.  
4.4.3 Forest inventory data 
Although I would have preferred using measurements of aboveground biomass from 
a large sample of trees representing the complete range of western juniper conditions 
found in the region, time and funding restrictions limited us to using available tree 
measurements data. I obtained the Pacific Northwest Forest Inventory and Analysis 
(PNW-FIA) Integrated Database (IDB) – Forest Inventory Data for California, Oregon, 
and Washington (Forest Inventory & Analysis Program 2004) from the Pacific Northwest 
Research Station. The PNW-FIA IDB database contains the most recent periodic 
inventory data collected by PNW-FIA, the National Forest System (NFS: Regions 5 and 
6), and the Bureau of Land Management (BLM) in California, Oregon, and Washington. 
This database contains an extensive amount of measured and calculated information for 
 119 
each inventory plot, and is the primary database used for summary and analysis of 
resource data in the Pacific Northwest (Forest Inventory & Analysis Program 2004). 
The PNW-FIA IDB database contains measurements of aboveground biomass and 
crown width for a large number of tree species, including western juniper. The total 
aboveground wood biomass is the oven-dry weight of the woody components of the tree 
(tons). This biomass is the accumulated weight of the stem, bark, stump, top and live 
woody branches. It was calculated for all live trees >= 2.5 cm dbh. The biomass of 
foliage, cones, fruits and roots were not calculated in the IDB database and thus it was 
not included in this estimate of aboveground biomass.  
Biomass of the stem was calculated from the cubic volume of the total stem which 
includes the stump and top. Tree bole biomass, regardless of whether it is merchantable 
bole or total stem, was calculated from the cubic volume estimate and the woody density 
factors as follows:  
Bole biomass in tons = (cubic volume * woody density) / 2000                (3) 
Cubic volume (ground to tip, excluding all branches) (CVTS) is expressed as a function 
of DBH and total height. Available data were limited to measurements from 52 trees that 
well felled and sectioned for a western juniper site index study (Sauerwein 1982). The 
data were gathered in central, southern, and southeastern Oregon and from one plot in 
northeastern California, and the trees were believed to sample all site indexes throughout 
the range of western juniper – southwestern Idaho, eastern Oregon, northeastern 
California, and western Nevada (Chittester & MacLean 1984). The cubic volume (cubic 
feet) equation is (Chittester & MacLean 1984): 
CVTS = BA*F*HT*(HT/(HT-4.5))2                                              (4) 
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F = 0.307 + 0.00086*HT – 0.0037*DBH*HT / (HT-4.5)                          (5) 
BA = 0.005454154 * DBH2                                                            (6) 
where F is the form factor, DBH is diameter at breast height outside bark (inches), and 
HT is total height including stump and tip (feet). 
Biomass of the bark and live woody branches were calculated from published 
equations for western juniper using the following equations, respectively:  
BB = exp(-10.175 + 2.6333×log(DBH×pi))                                    (7) 
BLB = exp(-7.2775 + 2.3337×log(DBH×pi))                                 (8) 
where BB is the biomass of the bark, and BLB is the biomass of live woody branches.  
In addition to aboveground biomass data, crown width measurements were also used 
in this study. Crown width is the distance of the lowest part of the crown, from one side 
to the other. Crown widths are either field-measured or estimated in the office with 
equations based on DBH. The method used to determine crown width was identified for 
each measurement in the database.  
Aboveground biomass and crown width data for western juniper obtained from this 
database were used to produce an empirical relationship between aboveground biomass 
and crown width. Only those trees that crown widths were directly measured in the field 
were used to establish this empirical relation. A total of 4467 western juniper trees were 
included in the analysis. This empirical relation in conjunction with field measurements 
was used to develop a pixel-level relationship between total aboveground biomass and 
percent woody cover.  
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Fig. 4.2 Distribution of field sites in central Oregon. Each circle represents a field site. 
All sites were selected on public land. Five to six circular plots were selected at each site.  
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   (a) Circular plot 
 
 
 
 
 
 
 
 
 
 
   (b) Crown size 
 
Fig. 4.3 A total of 33 circular plots were selected in the field: (a) Each plot has a radius of 
16.9m, and thus has the same area as a Landsat TM/ETM+ pixel; (b) The projection of 
each crown is assumed to have a shape of an ellipse. a is the maximum crown width, and 
b is the minimum crown width. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              16.9m 
              b 
 
a 
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4.4.4 Field measurements 
The field work was conducted in the late July and early August, 2005. The majority 
of the juniper woodland in central Oregon is privately owned, which complicated the 
selection of field plots. Five sites were selected on public land (Fig. 4.2). At each site, 5 
to 6 circular plots were selected (Fig. 4.3). Each plot has a radius of 16.9m, and thus each 
plot has the same area as a Landsat TM/ETM+ pixel.   
For each plot, the crown size was measured for each individual tree within the plot. 
The projection of the crown is assumed to have a shape of an ellipse (Fig. 4.3). For each 
individual tree, the maximum crown width and minimum crown width were measured.   
4.4.5 Digital elevation model (DEM) 
The Shuttle Radar Topography Mission (SRTM) elevation data was obtained from 
the Global Land Cover Facility. SRTM is an international project in which agencies 
including the National Geospatial-Intelligence Agency (NGA) and the National 
Aeronautics and Space Administration (NASA) are involved. The mission of SRTM was 
to obtain elevation data on a near-global scale to generate the most complete high-
resolution DEM database. The SRTM DEM obtained from the Global Land Cover 
Facility has 30m spatial resolution. Slope and aspect were calculated from the DEM in 
ERDAS IMAGINE (ERDAS, Inc.). Elevation along with slope and aspect were used as 
ancillary data to estimate percent woody cover from Landsat data.  
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4.5 Methods 
4.5.1 Aerial photography analysis 
Training and validation data were developed from aerial photographs. The three aerial 
photographs acquired in 1973, 1987, and 2000 were used for training and validation of 
the Landsat data acquired in 1975, 1989, and 2000, respectively. Each aerial photograph 
was classified into woody plant and ‘other’ categories using a combined texture analysis 
and unsupervised classifier. Three texture metrics, including mean, variance, and range 
(Anys et al. 1994), were calculated across the photograph based on a 3×3 moving 
window. These three metrics were a consistent indicator of woody plant presence or 
absence, because each tree/shrub crown produced a low pixel brightness value relative to 
surrounding soil and herbaceous vegetation (Asner et al. 2003).  
For each aerial photograph, the brightness and the three texture metrics were 
combined together. An unsupervised classifier (ISODATA) was applied to the combined 
image. The classified image was aggregated to a woody/non-woody image. The 1m 
woody/non-woody map was degraded to 30m resolution. Each pixel on the degraded map 
corresponded to 30 pixel × 30 pixel on the 1m woody/non-woody map. The digital 
number of each pixel on the degraded map was the percentage of woody plant cover 
calculated from the 30 pixel × 30 pixel block on the woody/non-woody map.  
The percent woody cover image was overlaid on the Landsat image. A number of 
pixels were randomly selected and were equally split into a training data set and a 
validation data set. For each pixel, the percent woody cover was extracted from the 
woody/non-woody map derived from the aerial photograph. Fig. 4.4 illustrates the 
process of developing training and validation data from aerial photographs.  
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4.5.2 Percent woody cover 
Several methods have been used for estimating percent woody cover, including 
spectral mixture analysis (Adams et al. 1986, 1995, Smith et al. 1990, Xiao & Moody 
2005), multiple linear regression model (Huang et al. 2001), and regression tree (Huang 
et al. 2001, Yang et al. 2003). Spectral mixture analysis assumes that the spectral 
signature of a given pixel is the linear combinations of contributions from unique surface 
materials, called endmembers (Adams et al. 1986, 1995, Smith et al. 1990). The fractions 
derived from spectral mixture analysis are sensitive to endmember signatures and 
endmember configurations, particularly in heterogeneous regions (Xiao & Moody 2005). 
Regression tree produces rule-based models for predictions of continuous variables based 
on training data (Yang et al. 2003). All these methods have proven effective for 
estimating percent woody cover. Huang et al. (2001) showed that linear regression model 
achieved comparable accuracy to regression tree for estimating percent canopy cover.  
I used the stepwise linear regression model in this study. The development of the 
model was based on the training data derived from aerial photographs. The dependent 
variable was percent woody cover, and the independent variables included each spectral 
band, the variance of each band, normalized difference vegetation index (NDVI), 
TM5/NDVI, elevation, slope, and aspect. I used the backward stepwise model. A full 
model incorporating all the independent variables was developed first, and the best model 
was then developed by dropping a variable at a time. The resulting linear regression 
model was used to estimate percent woody cover for each pixel from each Landsat image. 
The estimates of percent woody cover were validated using the validation data derived 
from the aerial photographs.  
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Fig. 4.4 Flow diagram of the development of training and validation data from aerial 
photographs.  
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Fig. 4.5 Log-linear relationship between aboveground biomass and crown width for 
western juniper in the Pacific Northwest based on measurements from PNW-FIA IDB 
database.  
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4.5.3 Changes in carbon stocks in woody biomass 
One of the objectives of this study was to estimate the changes in C stocks in woody 
biomass caused by the expansion of western juniper. In order to translate percent woody 
cover to C stocks in woody biomass, I developed a pixel-level relationship between total 
aboveground biomass and percent woody cover. This relationship was developed from 
forest inventory data and field measurements.  
The PNW-FIA IDB database (Forest Inventory & Analysis Program 2004) contains 
measurements of aboveground biomass and crown width for a large number of western 
juniper trees. An empirical relation between aboveground biomass and crown width for 
western juniper was developed from the PNW-FIA IDB database (Fig. 4.5, R2 = 0.98, p < 
0.001): 
   )ln(2598.37268.7)ln( CDABD +−=                                             (9) 
where ABD is the aboveground biomass, and CD is the crown width. The aboveground 
biomass is the oven-dry weight of the woody components of the tree, including stem, 
bark, stump, top and live woody branches. The biomass of foliage, cones, fruits and roots 
was not calculated in the IDB and was not included in this estimate of aboveground 
biomass (Forest Inventory & Analysis Program 2004). Biomass of the stem was 
calculated from the cubic volume of the total stem which included the stump and top, and 
biomass of the bark and live woody branches were calculated from published equations 
(Forest Inventory & Analysis Program 2004). Thus, the aboveground biomass was not 
directly measured.  
As mentioned above, the crown size of each individual tree was measured for each 
circular plot selected in the field. For each plot, the empirical relation (equation (9)) was 
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used to estimate the aboveground biomass for each individual tree from the 
measurements of crown width. The total aboveground biomass of each plot was simply 
the sum of aboveground biomass of all the individual trees within the plot.  
For each plot, the crown area of each individual tree was calculated from the 
measurements of maximum and minimum crown width using the following equation 
assuming the projection of the crown has a shape of an ellipse:  
                                             CA = (pi*a*b)/4                                                                    (10) 
where CA is the crown area, a is the maximum crown width, and b is the minimum 
crown width. The total crown area of each plot was simply the sum of the crown area of 
all individual trees in the plot. The canopy cover (CC, %) or percent woody cover of each 
plot was calculated as: 
            CC = (CA/900)*100%                                                         (11) 
The total aboveground biomass and percent woody cover were estimated for each plot, 
respectively. Then I examined the relationship between total aboveground biomass and 
canopy cover at the plot level. There was a log-linear relationship between total 
aboveground biomass and percent canopy cover (Fig. 4.6). Each dot on the graph 
represented a circular plot, and thus this empirical relation was a plot-level relation. This 
empirical relation was also a pixel-level relation because each plot had the same area as a 
Landsat TM/ETM+ pixel.  
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Fig. 4.6 Log-linear relationship between total aboveground biomass (tons) and percent 
canopy cover (%) based on estimates from the circular plots. Each dot represents a plot. 
This plot-level relationship is also a pixel-level relationship because each circular plot has 
the same area as a Landsat TM/ETM+ pixel.  
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                        Fig. 4.7 Flow diagram of the methodology used in this study.  
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                         (a) Landsat ETM+  
 
 
             
          (b) Percent woody cover (%) 
 
Fig. 4.8 Landsat image and percent woody cover estimated from the Landsat image: (a) 
Landsat ETM+ image acquired in 2000; (b) percent woody cover estimated from the 
Landsat ETM+ image. 
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This pixel-level empirical relation was used to estimate total aboveground biomass 
for each Landsat pixel from percent woody cover for 1975, 1989, and 2000, respectively. 
Aboveground biomass was converted to aboveground C stock using a conversion factor 
of 0.48 (Schlesinger 1997). Fig. 4.7 shows the methodology used in this study to estimate 
C stocks in woody biomass and changes in C stocks over the study period. 
4.6 Results and Discussion 
4.6.1 Percent woody cover 
Percent woody cover was estimated from Landsat data for 1975, 1989, and 2000, 
respectively. Fig. 4.8 shows the Landsat ETM+ image and the estimated percent woody 
cover for 2000. Percent woody cover varies substantially over the landscape, and is 
typically less than 60%.  
The estimates of percent woody cover were validated using the validation data 
derived from aerial photographs (Fig. 4.9). There was a strong, linear relationship 
between actual and predicted percent woody cover for 1975 (R2 = 0.61, p < 0.001), 1989 
(R2 = 0.84, p < 0.001), and 2000 (R2 = 0.84, p < 0.001), respectively. Overall, percent 
woody cover was estimated with reasonable accuracy. The accuracy of percent woody 
cover for 1975 was lower than that for 1989 or 2000. This is because that I used a MSS 
image for 1975, and TM/ETM+ images for 1989 and 2000. A MSS image has 
substantially lower spatial resolution (57m) and fewer spectral bands (4) than TM/ETM+ 
images (30m, 6 reflective bands).  
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                     (a) Landsat ETM+ (2000) 
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                     (b) Landsat TM (1989) 
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         (c) Landsat MSS (1975) 
 
Fig. 4.9 Validation of percent woody cover estimated from Landsat data: (a) Landsat 
ETM+ (2000) (y = 0.9915x + 0.0433, R2 = 0.84, p < 0.001); (b) Landsat TM (1989) (y = 
1.0209x - 0.0117, R2 = 0.84, p < 0.001); (c) Landsat MSS (1975) (y = 0.9793x – 0.0061, 
R2 = 0.61, p < 0.001).  
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Table 4.2 Woody plant cover (%) in the study region in 1975, 1989, and 2000 and 
changes in woody plant cover over the study period. 
 
Relative change 
(%) 
Rate of change 
(% per year) 
 1975 
Cover 
(%) 
1989 
Cover 
(%) 
2000 
Cover 
(%) 75-89 89-00 75-00 75-89 89-00 75-00 
Study 
region 
 
7.9 
 
9.28 
 
11.55 
 
17.47 
 
24.46 
 
46.20 
 
0.10 
 
0.21 
 
0.15 
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Over the study region, woody plant cover was estimated to be 7.9% in 1975, 9.28% in 
1989, and 11.55% in 2000 (Table 4.2). This suggests that western juniper had expanded 
over the 25-year period. On average, the rate of change in woody plant cover was 0.10% 
per year for the period 1975-1989 and 0.21% for the period 1989-2000, indicating that 
the expansion of western juniper had increased throughout the entire study period. The 
average rate of change in woody plant cover was 0.15% per year.   
4.6.2 Changes in carbon stocks 
The C density in aboveground woody biomass had increased from 4.59 Mg C ha-1 in 
1975 to 7.39 Mg C ha-1 in 2000 (Table 4.3). In the Oregon Transect Ecosystem Research 
(OTTER) Project, the team of researchers made standardized measurements required to 
initialize and to run a carbon-, water-, and nitrogen-cycling ecosystem model, and also 
took remotely sensed measurements seasonally from various platforms. In one study of 
the OTTER project, Runyon et al. (1994) measured biomass, NPP, and light use 
efficiency for selected sites across the Oregon transect including a western juniper site. 
Woody biomass of the western juniper site was 8 Mg ha-1. The woody biomass reported 
by Runyon et al. (1994) is very close to that inferred from my estimates of aboveground 
woody biomass if aboveground woody biomass accounts for 80% of the total woody 
biomass.  
The C accumulation rate was 0.112 Mg C ha-1 yr-1 over the study period. The C 
stocks in woody biomass had increased from 0.13 Tg C in 1975 to 0.21 Tg C in 2000. 
Thus, the expansion of western juniper had accumulated 0.08 Tg C in aboveground 
biomass over the 25-year period. This suggests that the expansion of western juniper had 
caused significant C accumulation in woody biomass.  
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The C accumulation rate in woody biomass caused by the expansion of western 
juniper had not been reported in the literature. However, some studies reported the C 
accumulation rate in woody biomass caused by the expansion of other species (Table 4.4). 
For example, Hicke et al. (2004) examined the encroachment of ponderosa pine in 
Colorado over the period from 1980 to 2001, and reported a C accumulation rate of 0.09 
– 0.7 Mg C ha-1 yr-1 in woody biomass. The C accumulation rate caused by the expansion 
of western juniper falls within the range of the C accumulation rate reported by Hicke et 
al. (2004). Anser et al. (2003) studied the encroachment of honey mesquite in Texas 
drylands during the period from 1937 to 1999, and reported a C accumulation rate of 0.02 
Mg C ha-1 yr-1.  
The C accumulation rate was extrapolated to the entire western juniper woodland in 
Oregon in order to assess the potential impact of the expansion of western juniper on the 
regional C budget. I assumed that the C accumulation rate (0.112 Mg C ha-1 yr-1) were 
applicable to the entire juniper woodland in Oregon (1.5 million hectares). On the basis 
of this assumption, the expansion of western juniper would cause annual accumulation of 
0.168 Tg C in aboveground woody biomass.  
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Table 4.3 Carbon stocks (Tg C) and carbon density (Mg C ha-1) in aboveground woody 
biomass for western juniper woodlands in the study region.  
 
 
 Total Carbon 
(Tg C) 
Density 
(Mg C ha-1) 
1975 0.13 4.59 
1989 0.16 5.57 
2000 0.21 7.39 
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Table 4.4 Carbon accumulation rate in woody biomass (Mg C·ha-1·yr-1) caused by 
woody plant proliferation.  
 
 Region Period Species Rates 
Current Study OR 1975-2000 western juniper 0.112 
Hicke et al. 
(2004) 
CO 1980-2001 ponderosa pine 0.09-0.7 
Asner et al. 
(2003) 
TX 1937-1999 honey mesquite 0.02 
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In principle, inventory studies of biomass change produce estimates of annual NPP 
(Baldocchi 2003). Sources and sinks of CO2 are usually quantified by net ecosystem 
exchange (NEE), which is related to NPP on an annual basis as 
NEE = NPP – Rh 
where Rh is the heterotrophic respiration or decmoposition of biomass, primarily in the 
soil. Heterotrophic respiration is difficult to quantify over large areas (Running et al. 
2004). NEE depends on the soil C pools available for decomposition, and usually ranges 
from 10% to 50% of NPP (Baldocchi et al. 2001, Falge et al. 2002).  
I only estimated the changes in C stocks in aboveground woody biomass. The 
changes in C stocks in aboveground woody biomass are close to aboveground NPP. The 
proportion of belowground NPP may vary as trees age (Eddleman et al. 1994). On 
average, above- and belowground NPP of western juniper woodland was estimated to be 
about 80% and 20% of total NPP, respectively (Runyon et al. 1994). Total NPP caused 
by the expansion of western juniper was approximately 0.14 Mg C ha-1 yr-1, assuming 
that above- and belowground NPP accounted for 80% and 20% of total NPP (Runyon et 
al. 1994). NEE would be 0.014-0.07 Mg C ha-1 yr-1, assuming that NEE accounts for 10% 
to 50% of NPP (Falge et al. 2000, Baldocchi et al. 2001). Western juniper occupies 1.5 
million hectares in Oregon (Kiilsgaard, C., 1999). If the C accumulation rate in 
ecosystems (0.014-0.07 Mg C ha-1 yr-1) were applicable to the entire juniper woodland, 
the expansion of western juniper would lead to a C sink of 0.02-0.11 Tg C yr-1.  
To our knowledge, there was no explicit C budget for Oregon in the literature. In 
order to assess the potential impact of western juniper expansion on the regional C budget, 
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I compared the C sink caused by western juniper expansion with the C sinks/sources 
caused by forest ecosystems in Oregon (Table 4.5).  
Cohen et al. (1996) estimated C flux over the 19-year period from 1972 to 1991 for a 
1.2-million ha landscape of the PNW region in the central Oregon Cascades Range using 
forest ecosystem and related models in conjunction with satellite data. 68% of the study 
region was mapped as forest land in 1988 (Cohen et al. 1995). The forests of this area 
resulted in a net source of 17.5 Tg C during the 19-year period. The average total net C 
flux was 1.13 Mg C ha yr with both the live and detrital pools contributing positively to 
the total net flux and forest products contributing negatively (Cohen et al. 1996). 
Wallin et al. (In press) used a simple C model and satellite data to quantify C flux 
from 4.9 million ha of forested lands in western Oregon. Between 1972 and 1995, the 
forests in western Oregon were a net C source, averaging 0.67 Mg C ha-1 yr-1; between 
1991 and 1995, however, the forests resulted in a net accumulation of 0.1 Mg C ha-1 yr-1 
(Wallin et al. In press). The C sink of the forested land was estimated to be 0.49 Tg C yr-1. 
Thus, the C sink caused by the expansion of western juniper is equivalent to 10% - 51% 
of the C sink reported by Wallin et al. (In press), although the forested land is 3 times as 
big as the western juniper woodland. 
Law et al. (2004) used a spatially nested hierarchy of field and remote-sensing 
observations and a process model, Biome-BGC, to produce a C budget for the forested 
region of Oregon. The simulations suggested that annual net uptake (net ecosystem 
production (NEP)) for the whole forested region (8.2 million hectares) was 13.8 Tg C 
(1.68 Mg C ha-1 yr-1), and C stocks (both above- and belowground) totaled 2765 Tg C. 
Net biome production (NBP) on the land, the net effect of NEP, harvest removals, and 
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wildfire emissions indicated that the study area was a sink (8.2 Tg C yr-1). The estimated 
C sink caused by the expansion of western juniper is equivalent to only 0.6% - 3% of the 
C sink reported by Law et al. (2004). It should be noted, however, that the forested land 
is at least 5 times as big as the western juniper woodland.  
Thus, the expansion of western juniper may have a significant impact on the regional 
C budget in Oregon. The Pacific Northwest region is one of the most productive forested 
regions in the world, with primary old-growth stands having a total of as much as 650 Mg 
C ha-1 in aboveground and belowground pools (Grier and Logan 1977, Harmon et al. 
1986). Other regions experiencing woody plant proliferation in the western US are much 
less productive than the Pacific Northwest region. Thus, there is a reason to believe that 
woody plant proliferation may have an even more important role in regional C budgets in 
other regions. The expansion of western juniper will probably continue to occur in the 
future. Thus, we can expect that western juniper woodlands will continue to sequester C 
from the atmosphere and function as a C sink.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 145 
Table 4.5 Estimates of C sinks for western juniper woodlands and forest ecosystems in 
Oregon.  
 
C sink/source  State Ecosystems  Area 
(106 ha) 
Period 
Mg C/ha/yr Tg C/yr 
This study OR Western 
juniper 
1.5 75–00 -0.014 - -0.07 -0.02 - -0.11 
Law et al.  
  2004 
OR Forests 8.2  Late 1990s -1.0 -8.2 
91–95 -0.1 -0.49 Wallin et al.  
 In Press 
 
OR 
 
Forests 
 
4.9 
88–95 +0.67 +3.28 
Cohen et al.  
1996 
OR 
WA 
Forests 10.4 72–91 +1.13  
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4.6.4 Uncertainties  
There are several uncertainties related to the data and methods used in this analysis 
that may influence the results presented here. First, there are uncertainties associated with 
the estimates of percent woody cover derived from Landsat data due to the nature of 
Landsat data, landscape characteristics, and method. The spatial resolution of Landsat 
data ranges from 30m to 57m, whereas western juniper is sparsely distributed over the 
landscape. It is a challenge to accurately estimate percent woody cover within each 
Landsat MSS/TM/ETM+ pixel. High-resolution satellite data including IKONOS and 
hyperspectral data (e.g., AVIRIS) may lead to more accurate estimates of woody plant 
cover. However, the Landsat series of satellites provide the longest coverage of the 
Earth’s surface. Moreover, stepwise linear regression model is not necessarily the best 
method for estimating percent woody cover. A part of our future work is to continue to 
explore other methods for estimating percent woody cover including the piecewise 
regression tree algorithm implemented in Cubist (Rulequest Research) in order to reduce 
uncertainties associated with estimates of percent woody cover.  
Second, there are uncertainties associated with the aboveground woody biomass and 
crown width data obtained from the PNW-FIA IDB database. Fig. 4.5 shows the 
uncertainties associated with the relationship between aboveground biomass and crown 
width, particularly for small trees. Moreover, the aboveground woody biomass was 
estimated from cubic volume and woody density factors (Forest Inventory & Analysis 
Program 2004), and thus was not directly measured. Another part of our future work is to 
obtain more reliable measurements of aboveground biomass so that I can develop a more 
robust empirical relationship between aboveground biomass and crown width.  
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Third, there are large uncertainties associated with the C sink estimated for the 
expansion of western juniper. I only estimated the changes in aboveground woody 
biomass, and did not consider the changes in belowground biomass. I assumed that 
above- and belowground NPP of western juniper woodland was estimated to be about 
80% and 20% of total NPP, respectively (Runyon et al. 1994). However, the proportion 
of belowground NPP may vary as trees age (Eddleman et al. 1994). Another assumption 
that NEE accounts for 10% to 50% of NPP (Falge et al. 2000, Baldocchi et al. 2001) 
further increased the uncertainty associated with the estimated C sink caused by western 
juniper expansion.  
4.7 Conclusions  
I quantified regional changes in woody plant cover and aboveground C pools across 
650 km2 of western juniper woodland in central Oregon from 1975 to 2000. Over the 
study region, woody plant increased from 7.9% in 1975 to 11.55% in 2000. Western 
juniper expanded at the rate of 0.15% per year over the 25-year period. The expansion of 
western juniper caused C accumulation of 0.112 Mg C ha-1 yr-1 in aboveground woody 
biomass. If the C accumulation rate observed in the case study region were applicable to 
the entire western juniper woodlands in Oregon, western juniper expansion would cause 
net accumulation of 0.168 Tg C yr-1 in aboveground woody biomass. The resulting C sink 
in ecosystems was estimated to be 0.02-0.11 Tg C yr-1. Western juniper expansion may 
have a significant impact on the regional C budget in Oregon.  
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4.9 Chapter Synopsis 
4.9.1 Background 
The balance between herbaceous and woody vegetation in arid and semiarid regions 
has shifted to favor trees and shrubs during the past 150 years (Archer 1994) because of 
fire suppression (Houghton et al. 2000, Tilman et al. 2000), over-grazing (Archer 1989), 
climate change (Brown et al. 1997), atmospheric CO2 enrichment (Polley et al. 2002), 
nitrogen deposition (Köchy & Wilson 2001), and a combination of two or more of these 
factors (Van Auken 2000). The expansion of woody plant cover in arid and semi-arid 
regions has important implications for the US C budget. Neither the rates of change nor 
the geographical extent of the phenomenon have been systematically quantified (Anser et 
al. 2003), not to mention the resulting C uptake and the implications on regional C 
budgets. Regional-scale analyses are needed to reduce the uncertainty in the C sink 
resulting from woody plant proliferation. 
4.9.2 Synopsis 
In Chapter 4, I presented a regional-scale analysis of the rates of woody plant 
proliferation and the resulting C uptake. First, I quantified regional changes in woody 
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plant cover and aboveground C pools across 650 km2 of western juniper woodland in 
central Oregon from 1975 to 2000. Percent woody cover was estimated from Landsat 
data for 1975, 1989, and 2000, respectively. Over the study region, woody plant 
increased from 7.9% in 1975 to 11.55% in 2000. Western juniper expanded at the rate of 
0.15% per year over the 25-year period.  
Second, I developed a pixel-level empirical relationship between total aboveground 
biomass and canopy cover from forest inventory data and field measurements. This 
empirical relationship was used to estimate total aboveground biomass for each pixel 
from the percent woody cover derived from Landsat data for 1975, 1989, and 2000, 
respectively. The results suggest that the expansion of western juniper caused C 
accumulation of 0.112 Mg C ha-1 yr-1 in aboveground woody biomass. Total C stock in 
aboveground woody biomass increased from 0.13 Tg in 1975 to 0.21 Tg in 2000. This 
suggests that western juniper expansion led to significant C accumulation in woody 
biomass.  
Third, I assessed the potential impact of western juniper expansion on the regional C 
budget by assuming that the C accumulation rate observed in the case study region was 
applicable to the entire juniper woodlands in Oregon. If the C accumulation rate were 
applicable to the entire juniper woodlands, western juniper expansion would cause net 
accumulation of 0.168 Tg C yr-1 in aboveground woody biomass. The resulting C sink in 
ecosystems was estimated to be 0.02-0.11 Tg C yr-1. Thus, western juniper expansion 
may have a significant impact on the regional C budget in Oregon.  
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4.9.3 Limitations 
There are several limitations regarding the analysis presented in this chapter. First, 
there are uncertainties associated with the estimates of percent woody cover derived from 
Landsat data due to the nature of Landsat data, landscape characteristics, and the method 
used to estimate percent woody cover. Western juniper is sparsely distributed over the 
landscape. Thus, a pixel in a Landsat image (30-57m resolution) includes woody plant 
cover and soil background. It is a challenge to accurately estimate percent woody cover 
within each Landsat MSS/TM/ETM+ pixel. The uncertainties associated with percent 
woody cover will lead to uncertainties in the estimates of the rates of western juniper 
expansion and the resulting C uptake.  
Second, there are uncertainties associated with the aboveground biomass data 
obtained from the PNW-FIA IDB database. In this database, the aboveground biomass 
was estimated from cubic volume and woody density factors, and thus was not directly 
measured (Forest Inventory & Analysis Program 2004). The uncertainties associated with 
aboveground biomass will lead to uncertainties in the estimates of aboveground biomass 
and C stocks.  
Third, there are large uncertainties associated with the C sink estimated for the 
expansion of western juniper. I only estimated the changes in aboveground woody 
biomass, and did not consider the changes in belowground biomass. I assumed that 
above- and belowground NPP of western juniper woodland was estimated to be about 
80% and 20% of total NPP, respectively (Runyon et al. 1994). However, the proportion 
of belowground NPP may vary as trees age (Eddleman et al. 1994). Another assumption 
that NEE accounts for 10% to 50% of NPP (Falge et al. 2000, Baldocchi et al. 2001) 
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further increased the uncertainty associated with the estimated C sink caused by western 
juniper expansion.  
4.9.4 Future directions 
My future work for western juniper expansion will focus on the following aspects. 
First, I will extend the analysis from the case study region to the entire western juniper 
woodlands in Oregon. As with the case study, increases in woody plant cover and C 
stocks in aboveground woody biomass will be estimated based on satellite data, forest 
inventory data, and field measurements. Second, I will obtain more reliable 
measurements of aboveground biomass so that a more robust relationship between 
aboveground biomass and crow width can be developed for western juniper. Third, I will 
develop an allometric relationship between belowground woody biomass and crown 
width for western juniper, and then use this relationship to estimate the C stocks in 
belowground woody biomass. The total C uptake measured by NPP in both above- and 
below-ground woody biomass will thus be estimated. Fourth, the century model (Parton 
et al. 1987) will be used to simulate soil decomposition. The estimates of both NPP and 
soil decomposition will lead to estimates of NEP that measures the net C uptake in 
ecosystems. Finally, I expect to explore the drivers of western juniper expansion. A 
dynamic vegetation model, MC1 (Bachelet et al. 2000), will be used to simulate the 
vegetation distribution and ecosystem fluxes of C. MC1 was created by combining the 
MAPSS model (Neilson 1995), the CENTURY model (Parton et al. 1987), and a fire 
module, MCFIRE (Lenihan et al. 1998). The impacts of fire suppression, grazing, and 
climate on western juniper expansion will be examined through the simulations.  
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Chapter 5  
Conclusions  
5.1 Conclusions  
More and more evidence suggest that global warming will be a real threat to the 
stability of the world's ecosystems (Jutro 1991, Masek 2001). Global warming is 
primarily attributed to the dramatic rise of atmospheric CO2 concentration due to 
anthropogenic activities (IPCC 2001). The two major sources of CO2 in the atmosphere 
are the combustion of fossil fuels and tropical deforestation (IPCC 2001). However, not 
all the C released by anthropogenic activities is absorbed by the atmosphere. For 
example, there is general agreement that terrestrial ecosystems sequester a large amount 
of CO2 from the atmosphere and thus provide a large C sink although the magnitude, 
distribution, and mechanisms of this sink remain uncertain (Battle et al. 2000, Schimel et 
al. 2001). Changes in vegetation productivity, especially at regional or larger scales, 
affect atmospheric CO2 concentrations, and produce variability in global C budgets and 
uncertainty in their approximation (Tans et al. 1990, Schimel et al. 1996). 
Regionally, net C uptake has been attributed to increases in vegetation productivity. 
However, the patterns and distribution of increases in vegetation productivity are not well 
understood. Understanding the modes and drivers of changes in terrestrial plant 
productivity can, therefore, help us to understand the variability in global C budgets. In 
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this dissertation, I looked at increases in vegetation productivity and responses to climate 
variability at multiple spatial scales. The overall research question of my dissertation is: 
What are the rates and climatic correlates of increases in vegetation productivity at 
regional or larger scales? I attempted to address this question using satellite data, ground-
based climatology data, forest inventory data, and field measurements. 
There is growing evidence that vegetation productivity has been increasing during the 
past two decades, suggesting that the earth has become greener due to natural factors and 
anthropogenic activities (Fan et al. 1998, Bousquet et al. 1999, Zhou et al. 2001, Goodale 
et al. 2002). However, the investigation of large-scale increases in vegetation productivity 
has been largely limited to northern high latitudes (e.g., Myneni et al. 1997, Zhou et al. 
2001). The trends and patterns of changes in vegetation productivity in other 
geographical regions are not well understood. My dissertation showed that vegetation 
productivity also significantly increased in forested and agricultural regions in the 
northern middle latitudes (e.g., US and China) and the tropics (Chapter 2) as well as in 
some arid and semi-arid regions, particularly in the US west (Chapters 2 & 4). As with 
enhanced plant growth in northern high latitudes (e.g., Myneni et al. 1997, Zhou et al. 
2001), the observed increases in vegetation productivity in other geographical regions 
(Chapters 2 & 4) may have also led to significant C accumulation in ecosystems, and thus 
have important implications for the global C cycle. For example, regional C sinks may 
exist in the tropics due to regional increases in vegetation productivity (Chapter 2) 
despite the general consensus that tropical ecosystems are a large C source (e.g., IPCC 
2001). The terrestrial C sink at the global scale may be bigger than expected (Schimel et 
al. 2001).  
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With a better understanding of the distribution and patterns of increases in vegetation 
productivity, the next step is naturally to examine the drivers behind these changes. 
Increases in vegetation productivity have been attributed to climate change (Nemani et al. 
2002), CO2 enrichment (Hamilton et al. 2002), N deposition (Nadelhoffer et al. 1999), 
forest plantations (Goodale et al. 2002), forest regrowth after agricultural abandonment 
(Caspersen et al. 2000), fire suppression (Houghton et al. 2000), and woody plant 
proliferation (Houghton et al. 1999, 2000, Pacala et al. 2001). However, the relative 
contributions of these mechanisms still remain uncertain. Focusing on the influences of 
two of these drivers including climate change and woody plant proliferation on 
vegetation productivity, this dissertation showed that (1) temperature is leading climatic 
factor of increases in vegetation productivity, and vegetation productivity responds to 
climate variability in a manner that varies by biome type (Chapters 2 & 3); (2) regionally, 
woody plant proliferation has led to increases in vegetation productivity, and thus has a 
significant impact on C budgets, at least in the US (Chapters 2 & 4). Other factors, such 
as CO2 fertilization (Hamilton et al. 2002), forestry plantations (Goodale et al. 2002), 
forest regrowth (Caspersen et al. 2000), and trends in agricultural practices (Xiao & 
Moody 2004) also contribute substantially to increases in vegetation productivity 
(Chapter 2). Further studies are needed to asess the relative contributions of the 
mechanisms above to the observed increases in vegetation productivity.  
Among the modes of increases in vegetation productivity, woody plant proliferation 
is unique and deserves special attention in that this phenomenon increases in stem density 
and/or represents a transition between biome types, and has important implications for 
the US C budget. For example, Houghton et al. (1999, 2000) and Pacala et al. (2001) 
 162 
attributed approximately 21-40% of the US C sink woody plant proliferation. However, 
these studies emphasized the large uncertainty in their estimates, and called for regional-
scale analyses of the rates and C consequences of woody plant proliferation (Anser et al. 
2003). In Chapter 4, I presented a regional-scale analysis of western juniper expansion in 
central Oregon, suggesting that western juniper expansion may have a significant impact 
on the regional C budget. This is an important step towards explictly quantifying the C 
sink resulting from woody plant proliferation in the US west. More regional-scale studies 
are needed to reduce the uncertainty in the estimates of the C sink (e.g., Houghton et al. 
1999, 2000, Pacala et al. 2001). The good news is that Landsat satellite imagery has great 
potential for estimating the rates and geographical extent of woody plant proliferation at 
regional or larger scales (Chapter 4). These regional-scale efforts based on satellite data 
ground-based measurements will better characterize the rates and C consequences of 
woody plant proliferation, and thus reduce the uncertainties associated with the size of  
the US C sink.  
This dissertation characterizes the increases in vegetation productivity and responses 
to climate variability at multiple scales. It should be noted that, however, increases in 
vegetation productivity inferred from satellite data (Chapters 2 & 4) can not be directly 
interpreted as changes in ecosystem C stocks. Dynamics in ecosystem C stocks are 
usually characterized by NEE. In addition, this dissertation focuses on the influences of 
climate variability and woody plant proliferation on vegetation productivity (Chapters 2 
& 3), and other factors such as CO2 enrichment, forest regrowth, and fire suppression are 
not explicitly explored. Multidisciplinary studies on the basis of satellite data, 
biogeochemical models, and ground-based measurements (e.g., LTER, FLUXNET, and 
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forest inventory data) will lead to a better understanding of the distribution, patterns, and 
drivers of vegetation dynamics as well as the resulting changes in ecosystem C storage.  
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